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 A large body of research has documented evolutionary change in fish populations as a 
result of selective harvest, a process known as Fisheries-Induced Evolution (FIE).  Much of this 
research has focused on commercially-harvested marine populations, though recent work has 
also shown that FIE can also occur in freshwater systems targeted by recreational hook-and-line 
anglers.  For FIE to occur as a result of recreational angling, it is necessary that particular traits 
(for instance, aspects of an individual fish’s behavior or physiology) are associated with an 
increased likelihood of capture by anglers, leading to selective harvest that causes directional 
evolution away from that trait.  For researchers and managers to accurately predict the outcomes 
of FIE in freshwater, it is therefore imperative that selected traits are identified, particularly in 
heavily fished species.  While some work has been done previously in this area, several 
behavioral and physiological characteristics that could be linked with angling vulnerability have 
yet to be fully explored. 
 In this dissertation, I present a series of experiments examining a set of behavioral and 
physiological traits and their role in driving angling vulnerability in fish.  Each experiment 
utilizes one of two highly sought-after freshwater species, the largemouth bass Micropterus 
salmoides or the bluegill Lepomis macrochirus.  In each experiment, a given set of 
characteristics is evaluated in individuals of the species in question, and paired with results from 
actual angling experiments conducted on those same individuals in a naturalistic pond setting. 
 In chapter 2, I examine the role of boldness, metabolic rate (standard metabolic rate, 
maximum metabolic rate, and aerobic scope) and stress responsiveness in driving angling 
vulnerability.  A set of largemouth bass from a suite of lines selected for differing vulnerability 
to angling were assessed for boldness in a standard open-field test.  Following this, individuals 
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had blood samples taken before and after an air exposure challenge to assess both baseline and 
post-stress levels of the primary stress hormone, cortisol.  All assessed fish were then stocked 
into a pond where angling took place.  At the conclusion of angling trials, a subset of captured 
and uncaptured fish were assessed for metabolic rate using intermittent-flow respirometry.  
Results showed a highly significant association between stress responsiveness and angling 
vulnerability, specifically that individuals captured by anglers showed a smaller rise in cortisol 
levels after the air exposure challenge compared to uncaptured fish.  Boldness and metabolic rate 
did not predict angling vulnerability.  Because high stress responsiveness has been linked 
previously to a propensity to freeze in response to challenges (as well as other behavioral traits), 
selective capture in largemouth bass could lead to evolutionary pressure favoring passive and 
reactive behavior in exploited systems. 
 In chapter 3, I examined the role of metabolic phenotype in driving angling vulnerability 
in bluegill.  Similar methods were used to assess metabolic rate as in chapter 2, with an 
additional examination of anaerobic capacity in the form of excess post-exercise oxygen 
consumption (EPOC).  Fish were first angled, with a subset of fish assessed for metabolic 
phenotype afterwards.  Results showed no difference in metrics of metabolic phenotype 
(standard and maximal metabolic rates, aerobic scope, EPOC, metabolic recovery time) between 
captured and uncaptured fish, indicating that, in bluegill, metabolic characteristics are likely not 
under selective pressure from angling. 
 Chapter 4 examined the relationships between individual sociability, aggression, and 
angling vulnerability in bluegill.  For this chapter, bluegill were first subjected to angling, with a 
subset of captured and uncaptured fish then assessed for sociability and aggression in the 
laboratory.  Assessment for sociability consisted of placing an individual bluegill in a large tank 
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divided in half by a transparent barrier that separated the focal fish from a shoal of conspecifics.  
Sociability was defined as the time spent by the focal fish near the divider, associating with the 
conspecifics.  Following this, focal fish were size-matched and assessed for aggression and 
dominance in dyadic trials.  Results showed a significant effect of time spent near the divider on 
angling vulnerability, with captured bluegill being more social than uncaptured bluegill.  
Aggression was not a significant predictor of vulnerability, though a non-significant trend was 
found whereby captured fish tended to be less aggressive. 
 While chapter 4 examined bluegill sociability on an individual basis (i.e. each focal fish 
was examined in isolation), Chapter 5 sought to quantify sociability within the context of 
interactions within a group of individuals.  In addition, swimming performance was assessed for 
the purpose of determining if this physiological trait was linked with either angling vulnerability 
or social behavior.  For this, groups of 6 individuals were size-matched and placed into a 
common tank, where they were evaluated for sociability and aggression over three days of 
observation.  Pooled behavior from all three days was then analyzed using methods derived from 
Social Network Analysis.  Each fish was then assessed for swimming performance (critical 
swimming speed - Ucrit) in a Brett-style swim tunnel before being stocked into a pond for 
angling.  The results showed that, while only fish size predicted whether or not a fish was 
captured (larger fish were more likely to be caught at least once), more social and less aggressive 
individuals were found to be the most vulnerable.  Specifically, high sociability/low aggression 
predicted whether an individual was caught multiple times, and also predicted capture order with 
highly social individuals being captured first.  Swimming performance did not predict any aspect 
of angling vulnerability.  These results, combined with the results from chapter 4, indicate that 
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social behavior is indeed a key determinant of angling vulnerability in bluegill, and that angling 
selection may evolutionarily favor fish that are both more aggressive and less social. 
 In chapter 6, I examined the role of learning performance and proactivity in driving 
angling vulnerability in largemouth bass.  For this experiment, a set of largemouth bass was 
assessed for learning performance on an active-avoidance task.  For this task, each fish was put 
into an individual tank that was divided in two by an opaque barrier.  The barrier included a 
small opening for shuttling between sides of the tank.  Over a set of trials, an observer first 
shined a light over the fish, which was followed by chasing with an aquarium net.  When fish 
successfully shuttled to the other side of the tank in response to the light (but before the onset of 
chasing), this was considered successful learning.  From there, each fish was assessed for 
proactivity in a restraint test, where fish were scored based on the number of attempts each fish 
made to leap from a container when held out of water.  Following angling, it was found that 
learning performance was significantly linked with angling vulnerability, with high performing 
individuals being more likely to be captured.  Within the framework of “cognitive syndromes”, 
this result indicates that individuals that learn tasks quickly and are, therefore often prone to 
mistakes, may be under selective pressure in angled populations of largemouth bass. 
 Collectively, this research has identified several behavioral and physiological 
characteristics that drive vulnerability to angling, however the characteristics differed between 
species.  While largemouth bass vulnerability was driven by characteristics broadly related to 
proactive behavior (rapid learning, low stress responsiveness), for bluegill it was social and 
unaggressive individuals that were found to be the most vulnerable.  Overall, this means that 
heavily fished populations could experience behavioral evolution as a result of selective capture 
on these traits, however the traits under selection may differ depending on the species.  
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CHAPTER 1: GENERAL INTRODUCTION 
 Evolutionary change drives the diversity of life on earth.  While “natural” cycles of 
climatic change, continental drift, cataclysmic events, and competition among species have 
shaped the form and function of today’s flora and fauna, for today’s species a new evolutionary 
force, human activity, has emerged as a major driver of both extinction and evolutionary change.  
The challenges placed on species by recent human activity have been so extreme that the present 
age is often referred to as the “Anthropocene”, a period where human activity shapes the course 
of life even more than natural forces (Sarrazin and Lecomte 2016).  Indeed, recent analyses have 
described the rate of evolution due to human activity as exceeding all other evolutionary drivers 
(Palkovacs et al. 2012).  Evolutionary changes in response to human activity include changes in 
morphology to cope with altered habitats (Templeton et al. 2001; Riesch et al. 2015), alterations 
in vocalization to effectively communicate in disturbed environments (Smith et al. 2008), and 
changes to behavior to either avoid humans entirely or take advantage of new opportunities (Sih 
et al. 2011; Sol et al. 2013).  In addition, humans are an all-too-frequent conduit for the spread of 
non-native species, which frequently cause both decline and evolutionary change in native 
species (Mooney and Cleland 2001; Berthon 2015).  Collectively, these evolutionary changes are 
drastically changing the ecology of numerous species, and understanding how these changes will 
impact fitness and resilience of these species is therefore crucial for researchers and wildlife 
managers alike. 
 Human activity is capable of driving evolutionary change in a variety of ways, including 
through the selective harvest of food and game species.  It has been widely demonstrated that 
hunting and fishing can induce evolution by selectively capturing/killing individuals with certain 
traits that render them more vulnerable (Kuparinen and Merila 2007; Palkovacs et al. 2012; 
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Allendorf et al. 2014).  For wild game animals, susceptible traits are often those that make the 
animal more of a target for hunters, for instance research has shown that selective harvest of 
“trophy” bighorn sheep Ovis Canadensis is at least partially responsible for a decline in mean 
horn size (Coltman et al. 2003; Hedrick 2011), leading to a concurrent decline in growth rate and 
fitness (Hengeveld and Festa-Bianchet 2011).  In addition, individuals that behave in a particular 
way (for instance, be being more active) may be more conspicuous to hunters or more likely to 
encounter fishing gear, leading to their capture/harvest (Biro and Post 2008; Ciuti et al. 2012).  
This selective capture has been shown to not only evolutionarily alter the trait that is the direct 
target of selection, but also a host of additional characteristics through their covariance with that 
trait (Coltman et al. 2003; Cooke et al. 2007; Diaz Pauli and Sih 2017).  These changes can have 
major ramifications for the fitness of these populations, leaving them vulnerable to potential 
collapse and eventual extinction (Palkovacs et al. 2012; Kuparinen and Festa-Bianchet 2016).  
Predicting such consequences is not only important from an ecological perspective, but also an 
economic perspective as many local communities rely on spending by hunters and fishers in 
order to persist (Eikeset et al. 2013).  Therefore, understanding the impacts of harvest-induced 
evolution has merit both from a basic scientific point of view, but also from the perspective of 
human interests as well. 
 Among harvested taxa, the induced evolution of fish has been the most heavily studied, a 
process known specifically as Fisheries-Induced Evolution (FIE).  Study of FIE has largely 
focused on commercially harvested species, with a frequent finding that extensive harvest leads 
to early maturation, reduced overall fecundity, and lower growth (Kuparinen and Hutchings 
2012; Audzijonyte et al. 2013; Kokkonen et al. 2015).  These impacts are the result of both the 
selective harvest of larger individuals, as well as the imposition of a high-mortality environment 
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that creates a selective advantage for individuals that reach maturation sooner (Dunlop et al. 
2015; Feiner et al. 2015).  While these impacts have been found in commercially targeted fishes, 
some recent work also indicates that similar impacts can also occur in species targeted by hook-
and-line anglers (Consuegra et al. 2005; Edeline et al. 2007; Saura et al. 2010).  As a result, the 
extensive management and research into FIE that is suggested for marine species (Jorgensen et 
al. 2007) may be necessary for recreationally targeted species as well.  However, currently our 
knowledge of the potential impacts of FIE in recreational systems lags behind our knowledge of 
commercially targeted species. 
 With regards to FIE in recreationally angled species, target traits will almost certainly be 
those that cause individual fish to be more likely to strike a fishing lure, leading to capture.  To 
answer the question of why some individuals may be more likely to strike fishing lures than 
others, previous research has examined the role of individual behavioral characteristics.  Indeed, 
an abundance of research has demonstrated that individuals within a species may differ 
consistently in various aspects of their behavior, with the suite of characteristics specific to an 
individual being referred to as its ‘behavioral type’ or ‘personality’ (Bell 2007; Mittelbach et al. 
2014).  These personalities are often broken down into five distinct axes of behavior: Boldness, 
exploratory tendency, activity, sociability, and aggression (Reale et al. 2007; Conrad et al. 2011).  
An individual’s personality may also be associated with other aspects of its behavior, for 
instance its ability to learn novel tasks (Sih and Del Giudice 2012; Bensky et al. 2017).  Studies 
of which behavioral types may be more likely to be caught by anglers have often focused on the 
first three axes, with a common finding that bolder (Klefoth et al. 2013, 2017), more explorative 
(Harkonen et al. 2014, 2016), and/or more active (Alós et al. 2012; Villegas-Rios et al. 2014) 
individuals are more vulnerable to angling, though these findings are not universal (Wilson et al. 
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2011).  While boldness and exploration have indeed been studied in the context of angling 
vulnerability, no work has examined whether sociability or aggression is linked with 
vulnerability.  In addition, links between personality and learning ability have only recently been 
explored in animals (Sih and Del Giudice 2012), and no research has examined whether learning 
ability is predictive of angling vulnerability.  The lack of work on these aspects of animal 
behavior leaves a gap in our knowledge of how fish personality may evolve in response to 
recreational angling selection. 
 Personality in fish and other animals is often correlated with physiological characteristics, 
many of which may also be impacted by angling selection.  Metabolic rate, for instance, has been 
linked with bold behavior, under the hypothesis that individuals with high metabolic rates will 
need to forage more (including under risk) to meet their higher metabolic demands (Stamps 
2007).  Given that boldness has been linked with angling vulnerability in some species (Klefoth 
et al. 2017; Lennox et al. 2017) it might therefore be expected that individuals with high 
metabolic rates would be more vulnerable to capture.  Studies have shown that angling selection 
has resulted in lower metabolic rates in experimental and wild populations with heritable 
differences in angling vulnerability (Redpath et al. 2010; Hessenauer et al. 2015).  In fish, 
metabolic rates have been linked with swimming performance and other traits that are relevant to 
individual fitness in natural environments (Reidy et al. 2000).  Furthermore, these metabolic and 
behavioral characteristics have often been found (separately or together) to be linked to an 
individual’s hormonal physiology, specifically their response to stress (Koolhaas et al. 1999).  
Generally speaking, bolder behavior and high metabolic rates are associated with low stress 
responsiveness, as indicated by levels of stress hormones (particularly cortisol) in the blood and 
muscle following the onset of a stressor (Koolhaas et al. 1999; Careau et al. 2008).  The 
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combination of physiological and behavioral responses to a stressor or challenge is referred to as 
an individual’s “stress coping style”, with individuals possessing this combination of traits (bold 
behavior, high metabolic rates, and low stress responsiveness) referred to as “proactive stress 
copers”, while those with the opposite characteristics are referred to as “reactive stress copers” 
(Koolhaas et al. 1999).  While the covariances among these traits have been described, the role 
of these physiological correlates of behavior in driving angling vulnerability have not been given 
the same attention as behavioral axes, even though physiological changes as a result of FIE could 
be highly consequential for exploited populations (Hollins et al. 2018).  Understanding how 
these physiological characteristics may evolve in response to angling pressure is therefore highly 
important, and will allow for accurate predictions as to the consequences of FIE in recreationally 
angled systems. 
 The goal of this dissertation is to define behavioral and physiological characteristics that 
may be associated with angling vulnerability, with special attention towards characteristics that 
have not been assessed in previous work.  All data chapters (2-6) in this document consist of a 
similar framework in which behavior and physiology is evaluated in a laboratory setting, with 
the results coupled with live angling conducted in a naturalistic pond setting to determine if the 
traits assessed were linked with whether or not fish were captured during angling trials.  Each of 
the five studies were conducted utilizing one of two highly popular recreational sportfish species: 
The largemouth bass Micropterus salmoides, or the bluegill Lepomis macrochirus.  Chapters 2 
and 3 fall within a theme of evaluating the components of individual stress coping style 
(boldness, stress responsiveness, and metabolic rate).  Chapter 2 includes individual assessments 
for boldness, stress responsiveness, and the aerobic aspects of metabolic phenotype (standard and 
maximum metabolic rate, aerobic scope) in largemouth bass, while chapter 3 focuses on 
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metabolic phenotype in bluegill exclusively, with the addition of an assessment of anaerobic 
metabolic capacity in the form of  post-exercise oxygen consumption (EPOC).  Chapters 4 and 5 
examine the role of social behavior and aggression in driving angling vulnerability in bluegill, 
using two separate experimental designs.  In chapter 5, swimming performance is also assessed 
to determine if a relationship between angling vulnerability, social behavior, and swimming 
performance is found in this species.  Finally, chapter 6 examines the role of learning 
performance on a standardized active-avoidance test and overall proactivity (as assessed with a 
restraint test) in driving angling vulnerability in largemouth bass.  The cumulative results of 
these studies will shed valuable light on the factors that may be drivers of angling vulnerability, 
and thus be subject to FIE in recreationally-angled systems.  Through the use of two separate 
species, this research also provides an opportunity to evaluate whether characteristics that make 
individuals of one species vulnerable necessarily lead to vulnerability in the other, allowing for 




CHAPTER 2: HORMONAL RESPONSIVENESS TO STRESS IS NEGATIVELY 
ASSOCIATED WITH VULNERABILITY TO ANGLING CAPTURE IN FISH. 
 
Introduction 
 A large body of research has documented the alteration of exploited fish populations via 
selective capture of particular phenotypes, a phenomenon known as fisheries-induced evolution 
(FIE) (Jorgensen et al. 2007; Devine et al. 2012).  The majority of these studies have focused on 
the alteration of life history traits (Kuparinen and Hutchings 2012), including decreases in 
growth rate, lower total reproductive output, and reduced age-at-maturity in populations of 
marine species that have been subjected to commercial harvest (Kuparinen and Merila 2007; 
Devine et al. 2012).  Similar processes may also be occurring in freshwater fisheries primarily 
targeted by recreational hook-and-line anglers (Nussle et al. 2009; Kendall and Quinn 2011), 
which may reduce the overall fitness of individuals in the population (Sutter et al. 2012).  
Whether in freshwater or marine ecosystems, FIE has the potential to greatly alter the ecology of 
the affected populations. 
 While alterations in growth rate, reproductive rate, and the timing of maturation have 
been identified as outcomes of FIE in exploited populations, it has been posited that inter-
individual differences in behavior are the proximate mechanisms responsible for FIE, 
specifically those behaviors that predispose individuals to capture by commercial or recreational 
gears (Biro and Post 2008; Uusi-Heikkila et al. 2008).  Consistent behavioral differences among 
individuals, which are alternatively referred to as ‘behavioral syndromes, ‘personalities’, or 
‘stress coping styles’, have been thoroughly studied in a host of animal taxa (Sih et al. 2004a).  
These differences among individuals are typically parsed into behavioral axes, including 
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boldness, aggression, and activity levels (Reale et al. 2007), and the physiological mechanisms 
that underpin many of these behavioral differences have also been defined.  For instance, studies 
of stress coping styles have examined the relationship between levels of boldness and 
neuroendocrine responsiveness to stress, with ‘proactive’ individuals being marked by bolder 
behavior and a less pronounced hypothalamic-pituitary-adrenal (hypothalamic-pituitary-
interrenal in teleost fish and amphibians) axis response to stress, as measured by cortisol 
concentrations in the blood (Koolhaas et al. 1999; Overli et al. 2005).  Levels of boldness and/or 
aggression have also been linked with metabolic rate and aerobic capacity (Careau et al., 2008; 
Metcalfe et al., 1995), under the presumption that individuals with intrinsically high metabolic 
demands will need to behave more boldly and/or more aggressively to acquire and defend 
sufficient resources to satisfy higher energetic requirements (Stamps 2007; Biro and Stamps 
2010). 
 For FIE to influence the physiology or behavior of recreationally targeted species, the 
traits in question must be linked to a propensity to strike a fishing lure.  At present, links between 
physiological traits and angling vulnerability within individuals have been relatively unexplored, 
although some studies have made comparisons among lines artificially selected for differing 
angling vulnerability (Cooke et al. 2007; Redpath et al. 2010).  Direct causal links between 
behavioral type and angling have, however, been studied more frequently.  For example, 
previous work has shown that bolder and more active individuals may be more likely to be 
caught on hook-and-line (Klefoth et al. 2013; Harkonen et al. 2014), while individuals with 
higher growth rates have been found to be more vulnerable to commercial netting (Biro and Post 
2008).  Important to note here is, while previous work has independently examined the 
correlation of boldness (Wilson et al. 2011) as well as metabolic rate (Redpath et al. 2010) with 
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angling vulnerability, no studies have taken an integrative approach to simultaneously examine 
the relative influence of behavior, metabolic rate, and hormones in driving the likelihood of 
capture.  Defining these relationships is of critical importance in determining which 
characteristics may be under selective pressure, and what types of evolutionary alterations we 
can expect to see in populations exploited by recreational anglers. 
The goal of this chapter is to define physiological and behavioral mechanisms responsible 
for driving the vulnerability of fish to recreational angling capture.  To accomplish this goal, I 
utilized a population of largemouth bass Micropterus salmoides artificially selected to vary in 
their vulnerability to angling (Philipp et al. 2009).  Several studies have examined these selected 
lines for differences in their metabolic characteristics/growth (Cooke et al. 2007; Redpath et al. 
2009, 2010), reproductive output (Sutter et al. 2012), foraging ecology (Binder et al. 2012), and 
daily activity (Binder et al. 2012).  However, none of these studies have attempted to link 
characteristics to angling vulnerability on the individual level, instead focusing on between-line 
comparisons.  These approaches, while highly useful, ignore the fact that angling vulnerability 
and its associated characteristics may still vary within each line.  In this chapter, I am therefore 
looking to quantify factors driving vulnerability to angling in individuals, rather than by 
comparing lines to draw inferences.  In addition, boldness and hormonal/physiological 
characteristics may possibly play a major role in determining whether an individual is vulnerable 
to capture (Cooke et al. 2009; Biro and Sampson 2015), but have been understudied with respect 
to angling vulnerability in fish.  I predicted that individuals with lower neuroendocrine 
responsiveness to stress (as indicated by plasma cortisol levels), greater levels of boldness, and 
higher metabolic rates (i.e., proactive copers) would be more likely to be captured by hook-and-
line angling.  This hypothesis was formulated due to the greater rates of exploration, aggression, 
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and feeding motivation in individuals with these characteristics in prior studies (Koolhaas et al. 
1999; Stamps 2007; Killen et al. 2014).  Results from this chapter will enhance our knowledge of 
the factors (especially physiological factors) driving angling vulnerability that has been 




 This chapter makes use of a population of largemouth bass that has been the subject of an 
artificial selection experiment to produce lines of fish that differ in their vulnerability to angling 
(Philipp et al. 2009).  Beginning in 1976 and ending in 1980, a population of wild Largemouth 
Bass from Ridge Lake near Charleston, IL, was angled to divide the population into individuals 
that were captured numerous times (hereafter high vulnerability bass, HVB) and not vulnerable 
to capture (hereafter low vulnerability bass, LVB).  Both HVB and LVB were subsequently 
removed from the lake, given fin clips to identify assignment to HVB and LVB lines, and 
returned to the Illinois Natural History Survey’s (INHS) aquatic research facility in Champaign, 
IL, where they were held in a set of identical, earthen-bottom ponds.  HVB and LVB fish were 
allowed to breed within their respective lines, and offspring were similarly marked with a fin clip 
to identify HVB and LVB individuals.  Angling to further select LVB and HVB based on 
catchability continued for an additional three generations.  Following the third generation of 
selection, the selection regime was halted (no additional angling).  However within-line breeding 
was continued to produce additional generations of pure HVB and LVB, as well as reciprocal 
hybrid lines (H×L and L×H).  This chapter utilized the 6
th
 generation of largemouth bass 
(spawned in 2012) derived from this selection experiment, and was conducted in 2015. 
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All largemouth bass used in this chapter were held in one of several 0.12 ha ponds at the 
INHS aquatic research facility from the time they were spawned until the outset of experiments.  
Ponds at this facility were maintained in an identical fashion, with similar vegetative cover, fish 
density, and abundance of forage (fathead minnows, Pimphales promelas), such that the effects 
of differential experience and habitat availability on behavior and physiology were minimized 
(Brydges and Braithwaite 2009).  Prior to experimental trials, ponds containing fish were 
drained, and each fish was checked for a fin clip to identify lineage then implanted with a passive 
integrated transponder (PIT) tag (Biomark Inc., Boise, ID, USA) for individual identification.  
Fish were then moved to one of eight circular 1135 L holding tanks connected to an adjacent 
pond with a flow-through system providing a continuous supply of fresh water where they were 
held for a period of five days to recover from handling.  While being held fish were fed fathead 
minnows ad libitum.  All procedures described were approved by the University of Illinois 
Institutional Care and Use Committee (IACUC), protocol #14230. 
Boldness and Stress Responsiveness 
 A total of 113 largemouth bass (N=23 HVB, 26 LVB, 37 H×L, 27 L×H; mean total 
length = 230.9 mm, range = 211-255 mm; mean total weight = 159.8 g, range = 118-223 g) were 
assessed for boldness and stress responsiveness.  No difference in size was present across lines 
(analysis of variance, ANOVA on weight, df = 3, F = 0.967, P = 0.41).  Prior to boldness 
assessment trials, each fish was PIT-identified and isolated overnight indoors in a 27 L opaque 
plastic holding tank provided with a continual supply of re-circulating water.  Temperature for 
all indoor tanks was maintained at 23ºC by a TK 500 Heater-Chiller (Teco, Revenna, Italy), with 




At the outset of the experiment, largemouth bass were first assessed for boldness.  The 
arena to test boldness consisted of a 180 × 65 cm opaque rectangular tank filled to a depth of 35 
cm and transected into four equally-sized zones.  The first “refuge” zone was separated from the 
three remaining zones (the “open area”) by an opaque plexiglass divider.  The refuge was 
covered with naturally colored gravel and artificial aquarium plants, while the open area 
contained no substrate or vegetative cover.  Prior to the start of each trial, a focal fish was 
quickly netted from its individual holding tank and placed into the refuge zone of the arena.  The 
fish was allowed to acclimate in the refuge for a period of 10 minutes before the divider was 
raised via a pulley system from behind a blind, allowing the fish to swim about the arena for 30 
minutes.  Each trial was videotaped from above using a GoPro
TM
 3 camera, and three measures 
of boldness were quantified – the latency for the fish’s entire body to cross the line separating the 
refuge zone from the rest of the arena, the amount of time spent by fish in the open area, and the 
total number of zone lines crossed by the fish.  Each fish was assessed only once for boldness.  
While repeatability of behavior is necessary to identify that behavior as consistent and intrinsic 
to an individual (Bell et al. 2009), previous work has shown fish behavior with open field tests is 
repeatable (Webster et al. 2009; Kortet et al. 2014; Mazue et al. 2015).  In addition, I was 
concerned that repeatedly testing each fish would result in a loss of novelty of the environment 
on the second test (i.e., habituation), which can alter what behaviors are actually being assessed 
compared to the first test (Reale et al. 2007; Dingemanse et al. 2012). 
After its boldness trial, the fish was returned to its individual holding tank where it was 
again held overnight.  The following day, two blood draws were taken from each fish to quantify 
cortisol concentration before and after a stressor, following procedures previously used for 
largemouth bass (Cook et al. 2011).  In each case, the fish in question was quickly removed from 
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its individual holding tank and a blood sample (baseline) was acquired within 2 minutes via 
caudal puncture using a 23 gauge heparinized needle.  The fish was then given an air-exposure 
challenge in a container lined with wet towels for a period of 3 minutes, and was subsequently 
held in a 68 L tank filled with fresh pond water for a period of 25 minutes to allow cortisol levels 
to peak.  Following this period, a second, post-stress blood sample was acquired in a fashion 
identical to the baseline sample.  All blood samples were immediately centrifuged at 6,000 RPM 
for 2 minutes to extract plasma, which was temporarily stored in liquid nitrogen prior to transport 
to the laboratory where they were permanently stored at -80º C.  Cortisol was quantified using an 
enzyme-linked immunosorbent assay (ELISA, Kit # ADI-901-071, Enzo Life Sciences®, 
Farmingdale, NY) previously validated for use in largemouth bass (Sink et al. 2008).  Stress 
responsiveness was defined as the difference between post-stress and baseline cortisol 
concentrations for each individual.  Blood draw sets (pre- and post- air exposure) were 
conducted only once, as recent work in largemouth bass has shown stress responsiveness to be 
repeatable (Cook et al. 2011), and I wanted to avoid excess stress resulting from multiple 
handling events.  Following blood collection, all fish were stocked into a single 0.12 ha pond 
containing abundant fathead minnows and held for a period of one month before angling trials 
commenced. 
Angling Trials 
 Angling trials began in July of 2015 and consisted of 10 two-hour angling sessions 
performed over the course of 7 days.  Each session took place at one of three times as determined 
by random selection: morning (6:00-8:00 AM), midday (12:00-2:00 PM) or evening (6:00-8:00 
PM).  All angling was performed by a pair of experienced anglers.  Medium-action rods spooled 
with 2.7 kg Berkley Trilene ® monofilament line, commonly used by anglers targeting 
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largemouth bass, were used for all three lure presentations, which included a 7.6 cm watermelon 
colored plastic worm (Gary Yamamoto Custom Baits
TM
) rigged “wacky” style on a size 2 Eagle 
Claw ® J-hook, a Strike King ® 1 g white single-bladed spinnerbait tipped with a 0.95 cm white 
curly tail grub, and a single size 2 J-hook baited with a live nightcrawler Lumbricus terrestris L. 
suspended from a slip-bobber.  I chose to use multiple lure types as fish with different behavior 
types may have preferences for striking certain types of lures (Wilson et al. 2015), and the three 
lure types used here allowed for a range of presentation speeds (the spinnerbait was retrieved 
quickly, the plastic worm was retrieved slowly, and the live nightcrawler was static) to maximize 
catch rates.  The pond was divided into six equal sections (60 m × 20 m), and the two anglers 
simultaneously fished a different section during each of three 40-minute periods within a two-
hour angling session.  Following each period, the anglers moved to a new section and switched 
lures as determined by random selection.  Thus, during each two hour session (which contained 
three periods), each section of the pond was fished once, and each angler used each of the three 
lure types.  Upon capture, each largemouth bass was identified via PIT tag before being quickly 
released back to the pond.  No bleeding or other injury was observed in any captured fish.  At the 
conclusion of the angling trials, the pond was drained and 88 of the original 113 fish were 
recovered.  Unrecovered fish, which had presumably died (N=25), did not differ from the 
collected fish in boldness, cortisol levels, or weight, (Student T-test, p > 0.3 for all tests).  
Because none of the unrecovered fish had been captured previously, I also assumed that those 
fish had died prior to the start of angling trials.  For consistency, only the 88 recovered fish (19 
HVB, 23 LVB, 26 H×L, 20 L×H) were considered in subsequent analyses. 
Metabolic Rate Assessment 
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 Due to the length of time that would be needed to process all 88 fish, metabolic rate 
assessment was performed only on a subsample of 40 fish: 20 that had been captured 1 or more 
times, and 20 that had not been captured.  Specifically, sampling all 88 fish would have required 
sampling to continue well into October, when cooling weather conditions and decreasing 
photoperiod could potentially influence my results (Evans 1984).  Fish weight did not differ 
across experimental groups (ANOVA, p > 0.05).  All metabolic assessments took place six 
weeks following the completion of angling (fish were held in the meantime in a 0.12 ha pond 
stocked with fathead minnows), and were performed using static, intermittent-flow respirometry 
(Loligo Systems
TM
, Tjele, Denmark) following the methods of Redpath et al. (2010) with a few 
modifications (5.26 L respirometry chambers were used, and measurement cycles were 
lengthened to a 20 minute “flush”, 2 minute “wait”, and 10 minute measurement phase).  During 
measurements, all chambers were submerged in a 500 L square tank.  Oxygen saturation in the 
tank was maintained near 100% by a pair of air stones, and kept at 23º C using heater-chillers.  
Measurements of oxygen saturation in the chambers were taken every 5 s during the 
measurement phase by a fiber-optic dissolved oxygen probe (calibrated regularly during the 
study) that allowed for the calculation of oxygen consumption (MO2, in mg O2 consumed /weight 
of fish in kg/hr).   
Each fish was loaded into a chamber in the afternoon and held overnight to collect data to 
determine Standard Metabolic Rate (SMR), which was calculated as the mean of the five lowest 
MO2 values (Nelson and Chabot 2011).  The following morning, fish were removed from their 
chambers and temporarily placed in a 550 L tank where they were exercised to exhaustion by 
manual chasing with a net for 5 minutes (Suski et al. 2007) before being returned back to their 
chambers for an additional 4 measurement cycles.  The highest individual MO2 value from these 
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measurements was taken as the fish’s Maximum Metabolic Rate (MMR) and aerobic scope (AS) 
was defined as the difference between MMR and SMR for each fish (Redpath et al. 2010).  All 
equipment (chambers, pumps, and tubing) was sterilized between trials with a 10% bleach 
solution, and final MO2 values were corrected to account for background metabolic activity 
(Rodgers et al. 2016). 
Statistical Analysis 
To simplify measurement of boldness, Principal Components Analysis (PCA), was 
performed based on the correlation matrix derived from the three individual boldness metrics 
(latency to emerge, time spent in the open, number of zones crossed).  Principal components with 
eigenvalues over 1 were extracted using varimax rotation on the maximum likelihood solution 
(Kaiser 1960).  To determine the effect of boldness, baseline cortisol, stress responsiveness, fish 
weight, and/or selected line on whether a fish was captured, I ran logistic regression models on 
all possible combinations of predictors (including models that included predictors independently, 
as well as full and null models).  Logistic regression models were then compared using Akaike’s 
Information Criterion, adjusted for small sample sizes (AICC), with top models selected based on 
ΔAICC values at or lower than 2 (Arnold 2010).   
To assess whether capture was size selective, fish weight was compared between 
captured and uncaptured fish using t-tests.  All other metrics measured (baseline cortisol, stress 
responsiveness and boldness for the full set of 88 fish, and SMR, MMR, and AS for the subset of 
40 fish assessed with respirometry) were compared across captured and uncaptured fish using t-
tests.  Normality of data was assessed via examination of residual quantile-quantile plots, and 
homogeneity of variances was assessed by visual examination of fitted residuals (Anscombe and 
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Tukey 1963).  All analyses were performed using R version 3.2.1 (R Core Team, Vienna, 
Austria) and the level of significance (α) was set at 0.05.  
Results 
 Ten angling sessions resulted in a total of 92 fish captures, with 38 captures occurring in 
the first angling session.  Of the lures used, the plastic worm proved to be the most effective (57 
captures), followed by the spinnerbait (28 captures) and the live nightcrawler (7 captures).  
Thirty largemouth bass, out of the total population of 88, were not captured.  Fifty-eight of the 88 
recovered largemouth bass were captured at least once, with 25 of those being captured multiple 
times.  Fish captured once did not differ from those captured multiple times in boldness, stress 
responsiveness, or metabolic rate (ANOVA, p > 0.44 in all cases). 
PCA revealed that the three boldness metrics were highly correlated.  Only a single 
component was extracted (PC1, hereafter referred to as the “boldness score”) with an eigenvalue 
greater than 1; this single component explained over 70 % of the variation in boldness behavior 
(Table 2-1).  Individuals with high boldness scores tended to leave the refuge sooner, spend more 
time exploring open zones and cross more lines relative to fish with lower boldness scores.  
 Stress responsiveness (i.e., the difference between post-stress and baseline cortisol 
concentration) alone was the top model explaining whether or not a fish was captured by anglers, 
and stress responsiveness was featured as a predictor variable in all of the top ten models (Table 
2-2).  No additional models had a ΔAICC value lower than 2 (Table 2-2).  However, models that 
contained stress responsiveness along with boldness score and baseline cortisol concentration 
had ΔAICC values of 2.02 and 2.04, respectively, suggesting some possible role for these factors 
in influencing vulnerability to angling (Table 2-2).  Selected line did not factor into any of the 
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top 7 models, indicating that a fish’s line in this experiment did not influence whether or not it 
was captured (Table 2). 
Stress responsiveness differed significantly between captured and uncaptured fish (Table 
2-3).  Baseline cortisol concentration across all fish was 20.47 ng ml
-1
 and did not differ between 
captured and uncaptured fish, and instead the difference in stress responsiveness was driven by 
post-stress cortisol concentrations that were 48% higher in uncaptured fish (Figure 2-1).  Angling 
was not size selective, indicated by the fact that size was not included in any of the top logistic 
regression models, and also by the fact that weight did not differ statistically between captured 
and uncaptured fish (Table 2-3).  Captured and uncaptured fish did not differ in any other metric 
assessed, including boldness, SMR, MMR, or AS (Table 3; Fig. 2-1C). 
Discussion 
 Data from this chapter indicate that neuroendocrine stress responsiveness was the 
strongest driver of angling vulnerability in largemouth bass when compared against other 
behavioral or physiological parameters.  More specifically, largemouth bass that were captured 
by anglers showed a lower rise in plasma cortisol levels following an air-exposure challenge 
compared to largemouth bass that were not captured.  Cortisol is the primary stress hormone in 
fish, which rises in response to stressors to mobilize energy reserves for use in responding to an 
external challenge (Bonga 1997).  High stress responsiveness, as defined by relatively large rises 
in cortisol following a stressor, is associated with the ‘reactive’ stress coping style in many 
studies of animal behavior (Overli et al. 2005).  This high responsiveness has been linked to 
shyer and less aggressive behavior (Archard et al. 2012), as well as increased flexibility and 
learning capacity in dealing with environmental change (de Lourdes Ruiz-Gomez et al. 2011).  In 
the case of largemouth bass in this chapter, highly responsive individuals were less likely to be 
19 
 
captured, which may be linked in part to shyer and less aggressive behavioral tendencies.  
Reduced vulnerability may also be related to a tendency to freeze and/or not respond 
aggressively to sudden appearance of a fishing lure nearby, as freezing behavior has also been 
shown to be linked with high stress responsiveness (Koolhaas et al. 1999).  Regardless of what 
behavior is being affected by underlying physiology, it appears that stress responsiveness is 
negatively associated with angling vulnerability.   
 Interestingly, boldness had little influence on vulnerability to capture, with no difference 
in boldness score found between captured and non-captured fish.  Boldness is typically defined 
by a propensity to take risks, whether in exploring novel environments or continuing to be active 
in the face of threats (Bell and Sih 2007).  Previous work has sought to link this risk-taking 
behavior to angling vulnerability, and results have been inconsistent.  Some studies indicate that 
bolder and more exploratory individuals are more vulnerable to capture by anglers (Klefoth et al. 
2013; Harkonen et al. 2014, 2016), other work has found bold individuals to be less vulnerable to 
angling (Wilson et al. 2011), and still other work has found no connection between boldness and 
angling vulnerability (Kekalainen et al. 2014; Vainikka et al. 2016). Inconsistent findings linking 
boldness to angling vulnerability may be due to differences in methodology across studies 
(Beckmann and Biro 2013), or that a relationship between boldness and vulnerability is context-
dependent and may fluctuate depending on factors such as the species in question or time of year 
(for instance, during spawning season vulnerability to angling may depend to a greater degree on 
factors related to aggressiveness, see Sutter et al., 2012).  If the latter is the case, then study of 
how behavioral and physiological characteristics affect angling vulnerability should take this into 
account so that these context-driven patterns may be better understood. 
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 In contrast to my predictions, it was found that metabolic phenotype (SMR, MMR, and 
AS) was not an important predictor of angling vulnerability.  This finding was contrary to my 
initial predictions, which were based on a number of previous studies documenting that high 
metabolic rates may increase the likelihood of a fish being captured, albeit via different gear 
types (Biro and Post 2008).  Other work has also indicated that angling pressure may lead to a 
reduction in metabolic rate in exploited populations, likely as a result of the selective capture of 
individuals with higher metabolism (Hessenauer et al. 2015).  Alterations to metabolic phenotype 
via the selective capture and removal of individuals with high metabolic rates has the potential to 
have fitness related outcomes for exploited populations, as metabolism is closely linked to 
growth rate and overall productivity as well as the likelihood of mortality (Biro and Stamps 
2008; Myles-Gonzalez et al. 2015).  Not all experiments have indicated that this metabolic 
alteration will occur as a result of FIE in exploited populations.  For instance, an artificial 
selection experiment performed on zebrafish Danio rerio Hamilton resulted in no alteration in 
metabolic rate associated with simulated size-selective capture (Uusi-Heikkila et al. 2015).  The 
context in which angling occurs may be an important factor in determining the evolutionary 
changes imparted by the selective capture of certain individuals in a population, as some angling 
techniques may preferentially capture individuals with higher metabolic rates while other 
techniques do not.  In a similar vein to my conclusions regarding the role of boldness in driving 
angling vulnerability, a compelling future avenue of research resides in the need to determine 
how different contexts (variable temperatures, seasons, capture techniques and/or targeted 
species) may lead to the capture-driven selection for or against different physiological traits.   
 My results showed no role of selected line in driving vulnerability to angling.  The lines 
of fish used in this chapter were generated based on their response to recreational angling over 3 
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generations (Philipp et al. 2009), but selection pressures had stopped for 3 generations prior to 
being used in this chapter.  The selection regime had previously resulted in numerous differences 




 generations, with HVB showing 
higher rates of recovery from exercise (Cooke et al. 2007), higher maximum metabolic rates and 
aerobic scopes (Redpath et al. 2010), higher gonadosomatic indices (Redpath et al. 2009), greater 
aggression and angling vulnerability while nesting (Sutter et al. 2012) and lower rates of prey 
rejection (Nannini et al. 2011).  The failure to detect a line effect with respect to capture 
likelihood in this chapter is likely due to differences in my classification of fish as vulnerable 
relative to the criteria used to establish the selected lines. In this chapter, a vulnerable individual 
was defined as being captured once within a 10-day angling experiment, whereas HVB in the 
original selection regime were defined as being captured three or more times over an entire 
summer (Philipp et al. 2009).  Also, this chapter utilized different lure types and presentation 
styles compared to previous work, a difference that may have allowed for the capture with a 
wider range of behavioral and physiological traits compared to fish captured by a single lure 
types, thus muting the line effect of catchability (Wilson et al. 2015).  It is also possible that 
differences in angling vulnerability have become less distinct between HVB and LVB over the 
past three unselected generations due to a relaxation of the selection regime.  However, a 
reversal of the aforementioned differences after only 3 generations of no angling would be quite 
rapid based on work that suggests human-induced evolutionary changes should take longer to 
reverse than induce (Conover et al. 2009).  In summary, the lack of differences between the lines 
in catchability may be simply due to how the word “catchability” is defined, with different 
characteristics being associated with the propensity to be caught via different lure types. 
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Results from this chapter provide a number of new insights into the role of physiological 
characteristics driving capture vulnerability in recreational fisheries, and some of the potential 
long-term consequences of harvest by recreational anglers.  It has been demonstrated previously 
that stress responsiveness and its behavioral and physiological correlates may be linked to fitness 
and overall productivity (Biro and Stamps 2008).  Because stress responsiveness is a heritable 
trait (Overli et al. 2005), the potential therefore exists for this trait to be under selective pressure 
in recreationally angled populations through selective harvest and/or angling-induced mortality.  
While this pattern would hold significance in these populations, the actual degree of negative 
consequence of this is not entirely clear.  On one hand, populations that have experienced harvest 
and/or mortality due to angling may experience a selective alteration of physiological and 
behavioral traits, with selection leaving behind fish that respond reactively (for instance by 
freezing) to threats such as predators, territorial intrusions, and attempts at predation of their 
nests.  This, of course, could have cascading effects on the overall fitness of the population, 
especially in environments where greater fitness would otherwise be imparted by the 
maintenance of more proactive characteristics (Sutter et al. 2012).  On the other hand, selection 
favoring reactive individuals could actually impart some fitness benefits in the form of increased 
behavioral flexibility in changing environments (Groothuis and Carere 2005), which is a 
characteristic often found in individuals with higher levels of stress responsiveness (Ruiz-Gomez 
et al. 2008; Ruiz-Gomez et al. 2011).  This ability of an individual to adjust its behavior in the 
face of changing environments may be especially important in the face of the rapid 
environmental change brought on by human activity. (Sih 2013).  Regardless of the outcome, it 
is likely that fisheries selection on physiology will have an impact on fitness levels in exploited 
populations, which will need to be closely examined and monitored in the years to come.
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TABLES AND FIGURE 
Table 2-1: Factor loadings and variance explained following Principal Components Analysis 
(PCA) on boldness metrics for largemouth bass (N=88).  Largemouth bass were assessed for 
latency to emerge from a refuge in a novel arena, the number of zones crossed, and the amount 














Factor PC1 Loadings PC2 Loadings 
Time Spent in Open (s) 0.881 0.256 
Number of Zone Lines Crossed 0.871 0.307 
Latency to Emerge from Refuge (s) -0.761 0.649 
   
Eigenvalue 2.11 0.58 
% Variance Explained 70.45% 19.35% 
24 
 
Table 2-2: Top 10 binary logistic models comparing baseline cortisol concentration, stress 
responsiveness (post-stress cortisol concentration minus baseline concentration), boldness score, 
fish weight, and selected line on whether or not a largemouth bass was captured during angling 
trials (N=88).  Comparisons were made using Akaike’s Information Criterion, adjusted for small 

















Stress Responsiveness 109.68 0 105.54 0.46 
Stress Responsiveness + Boldness 111.70 2.02 105.41 0.17 
Stress Responsiveness + Baseline Cortisol 111.72 2.04 105.43 0.16 
Stress Responsiveness + Fish Weight 111.78 2.10 105.49 0.16 
Stress Responsiveness + Fish Weight + Boldness 113.70 4.02 105.22 0.06 
Stress Responsiveness + Baseline Cortisol + 
Boldness 
113.75 4.07 105.27 0.06 
Stress Responsiveness + Fish Weight + Baseline 
Cortisol 
113.85 4.17 105.37 0.06 
Stress Responsiveness + Line 114.35 4.67 108.06 0.04 
Stress Responsiveness + Fish Weight + Baseline 
Cortisol + Boldness 
115.81 6.13 105.08 0.02 
Stress Responsiveness + Fish Weight + Line 116.33 6.65 107.85 0.02 
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Table 2-3: Statistical outputs of Student’s t-tests comparing captured and uncaptured largemouth 
bass for baseline cortisol, stress responsiveness, boldness score, standard metabolic rate (SMR), 
maximum metabolic rate (MMR), aerobic scope (AS), and fish weight following assessment and 
experimental angling trials.  Variables that differed significantly between captured and 








Variable Measured t p df 
Baseline Cortisol (ng ml
-1
) -0.80 0.42 87 
Stress Responsiveness 2.80 0.006 87 
Boldness Score -0.36 0.71 87 




) -1.00 0.32 38 




) -0.52 0.60 38 




) -0.22 0.81 37 





Figure 2-1: Comparison of A) baseline and post-stress cortisol, B) boldness scores, and C) metabolic variables (Standard Metabolic 
Rate, Maximum Metabolic Rate, Aerobic Scope) for largemouth bass that were either captured or not captured during experimental 
angling trials.  For each fish, a baseline and post-stress plasma sample was taken, similarly for metabolic rate a single measurement of 
SMR and MMR was taken.  Significant differences between captured and uncaptured fish for a given metric are denoted by asterisks 
(**). All bars are shown as means ± S.E.M.  For cortisol concentrations and boldness score N = 58 captured and 30 uncaptured fish; 







CHAPTER 3: METABOLIC PHENOTYPE IS NOT ASSOCIATED WITH 
VULNERABILITY TO ANGLING IN BLUEGILL SUNFISH 
Introduction 
 Behavioral decisions by individuals are influenced by a host of factors associated with 
their physiology. Energy reserves, for instance, can be a major driver of behavior, with starving 
individuals likely to forage in riskier situations to acquire necessary energy (Dingemanse and 
Wolf 2010; Sih et al. 2015; Näslund and Johnsson 2016).  Alternatively, high energy reserves 
may lead to more aggressive and/or bold behavior (defined as a willingness to take risks) by 
facilitating faster growth, resulting in larger body size that lowers vulnerability to predators or 
aggressive competitors (Luttbeg and Sih 2010; Wolf and Weissing 2010).  The amount of energy 
an organism has in reserve is determined by both its foraging success as well as its intrinsic 
metabolic rate, which dictates the pace at which acquired energy stores are utilized (Metcalfe et 
al. 1995; Houston 2010).  Individuals with high metabolic rates often tend to take more risks 
while foraging to acquire enough food to satisfy metabolic demands (Stamps 2007; Biro and 
Stamps 2010).  This expectation has been validated in several studies that found a highly 
integrated relationship between metabolism and bolder behavior (Killen et al. 2012; Herrera et 
al. 2014; Myles-Gonzalez et al. 2015; Binder et al. 2016), though this conclusion is not 
unanimous (Houston 2010).  What is clear, however is that an organism’s metabolic phenotype 
(standard metabolic rate, maximum metabolic rate and its scope for aerobic and anaerobic 
activity (Metcalfe et al. 2016)) is capable of underpinning numerous aspects of its behavior. 
 The behavioral decisions made by individuals may have fitness consequences, 
particularly when applied to encounters with humans.  Bolder behavior, for example, which may 
have provided fitness benefits in an undisturbed environment, may suddenly become 
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maladaptive if that bold behavior leads to death at the hands of humans (Sih 2013).  One context 
in which this possibility has been previously studied is within the realm of fisheries, where 
evolution (hereafter referred to as fisheries-induced evolution) can occur in exploited populations 
as a result of selective harvest of individuals with certain behavioral/physiological/life history 
characteristics (Uusi-Heikkila et al. 2008; Sutter et al. 2012; Diaz Pauli and Sih 2017).  In the 
case of recreational angling, which utilizes so-called “passive gears” that require a fish to make a 
decision to approach a lure and strike, it has often been posited that bolder individuals will be 
more likely to be captured (Harkonen et al. 2014; Alós et al. 2016; Arlinghaus et al. 2016).  If 
bold individuals are more likely to be captured, then high metabolic rates should also be 
positively associated with capture likelihood if indeed boldness and metabolic characteristics are 
linked.  Indeed, prior work has found that fish populations exploited by anglers undergo 
downward shifts in metabolic phenotype resulting from the selective capture of individuals with 
high metabolic rates (Redpath et al. 2010; Hessenauer et al. 2015).  This evidence collectively 
suggests that metabolic phenotype is a physiological variable of interest in terms of driving 
capture by recreational anglers. 
 While prior work has indicated that metabolic phenotype may be altered in exploited fish 
populations, work that directly quantifies whether certain phenotypes are more vulnerable to 
angling is lacking.  Due to potential links between metabolism, behavior and feeding/foraging, 
aspects of metabolic phenotype may be responsible for fish striking lures and being captured 
(Cooke et al. 2007; Lennox et al. 2017).  Alternatively, anglers may selectively capture 
individuals based on an unknown variable connected to metabolic rate, which leads to metabolic 
phenotype being altered even though it isn’t the proximal driver of selection (Ketterson and 
Nolan, Jr. 1999).  In addition, whether angling-driven selection alters metabolic phenotype in 
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multiple species targeted by recreational anglers is not known.  Work demonstrating alterations 
in metabolic phenotype as a result of recreational harvest have largely been performed using 
largemouth bass Micropterus salmoides (Cooke et al. 2007; Redpath et al. 2010; Hessenauer et 
al. 2015), and no other work has quantified the role of metabolic phenotype in driving angling 
vulnerability for any other species.  More work is necessary to define links between metabolic 
phenotype and angling vulnerability in additional contexts, especially in additional species that 
may be subject to the effects of fisheries-induced evolution in freshwater systems. 
 The goal of this chapter is to define whether metabolic phenotype drives capture 
likelihood in bluegill sunfish Lepomis macrochirus.  This species is an ideal candidate for study 
because it is an extremely popular species targeted by recreational anglers throughout much of 
the eastern and central portions of the United States and Canada (Gaeta et al. 2013), and little 
work to this point has been done examining how individual traits may relate to capture 
vulnerability in this species (but see Wilson et al. 2011).  In addition, positive relationships 
between boldness and metabolic characteristics have been previously described for this species 
(Binder et al. 2016), allowing us to extrapolate likely behavioral traits of bluegill based on their 
metabolic phenotype. I experimentally angled lake-reared bluegill held in an earthen pond to 
establish captured and uncaptured groups, which I then assessed for differences in metabolic 
phenotype.  I also assessed whether metabolic phenotype was connected to the order in which 
fish were captured, predicting that individuals with high metabolic rates would be captured early 
in the angling process.  Assessing capture order in addition to whether or not the fish was 
captured may provide insights into whether metabolic rate is connected with hook-avoidance 
learning in fish.  For instance, if individuals with certain metabolic phenotypes are captured in 
later angling sessions (after the threat of angling has been established), that may indicate that 
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those phenotypes have a more difficult time learning to avoid striking fishing lures.  I 
hypothesized that, in congruence with prior work on largemouth bass, individuals with high 
standard metabolic rates and aerobic scopes would be more vulnerable to capture.  If metabolic 
phenotype is indeed a driver of capture likelihood in bluegill, this finding combined with 
previous work would indicate that metabolic phenotype may be a key trait under selection in a 
larger set of contexts.  This could have major impacts on not only the metabolic physiology of 
exploited populations, but on the ecologically relevant behaviors that are themselves linked to 
metabolic phenotype. 
 
Materials and Methods 
Fish and Holding Conditions 
A total of 160 bluegill sunfish were acquired from Jake Wolf Hatchery in Topeka, IL, in fall 
2015.  The hatchery environment for these fish was in a natural lake setting, where they were 
able to forage for natural prey items and avoid predators (both piscine and avian), thus 
eliminating the possibility of fish behavior being altered as a result of rearing in typical sterile 
hatchery conditions (Lee and Berejikian 2008).  After being acquired from the hatchery, fish 
were transported to the Illinois Natural History Survey’s Aquatic Research Facility near 
Champaign, IL.  This facility consists of a wet lab and a series of earthen-bottom experimental 
ponds, all of which feature natural macrophyte cover and stocked fathead minnows Pimphales 
promelas, along with natural macroinvertebrate forage.  Following arrival at the facility, all fish 
were implanted with a Passive Integrated Transponder (PIT) tag for individual identification, and 
subsequently stocked into a single 0.04 ha pond where they were held for eight months.  In 
spring 2016, the pond was drained and 115 bluegill (mean total weight ± standard error of the 
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mean (SEM) = 100.0 ± 2.7 g) were recovered.  These fish were then stocked into a second pond 
(hereafter, the “angling pond”), which featured nearly identical conditions to the original pond, 
and were the subjects of this chapter. 
 
Experimental Angling 
 Experimental angling to quantify angling vulnerability in bluegill occurred between July 
8 and July 10, 2016, and consisted of five 90-minute angling sessions.  On all three days, a 
morning angling session was conducted beginning at 7:00 AM, and on July 8 and July 9 an 
afternoon session was conducted beginning at 5:30 PM.  For each angling session, the perimeter 
of the pond was divided in half, and one of two experienced anglers fished each half.  Every 30 
minutes during the 90 minute session (30 minute subunits are hereafter referred to as ‘periods’), 
the anglers switched sides of the pond.  Both anglers used identical gear commonly used by 
anglers targeting bluegill sunfish.  This gear consisted of light-action spinning rods spooled with 
1.8 kg Berkley® Trilene monofilament fishing line, tied to a single 12 Eagle Claw® J-Hook 
suspended from a slip-bobber.  Hooks were baited with Berkley® Crappie Nibbles that were 
colored chartreuse, pink or white.  During each 30-minute period, each angler used a different 
colored bait as determined by random selection and casted to all areas within the pond in an 
attempt to maximize catch rates.  Fish captured via angling were identified by PIT tag before 
being released back into the pond within one minute of capture, and the color of lure and section 
of the pond where capture occurred were noted.  All fish, with the exception of one, were hooked 
in the mouth with minimal tissue damage; the fish that was deep-hooked in the gullet failed to 
recover in a separate tank and was subsequently euthanized.  While released fish were available 
to be potentially captured a second time, only two recapture events occurred over the five 
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angling sessions.  All fish that were captured at least once over the five angling sessions were 
considered vulnerable to angling for the purpose of the study.  Following the angling sessions, a 
total of 34 bluegill were captured (two of which had been captured twice), and 81 bluegill were 
not captured.  In addition to these captures, anglers also noted when a strike was detected, 
evidenced by the bobber being pulled below the surface of the water, but a fish was not 
successfully landed (e.g., situations where bluegill “nibbled” the lure and likely never fully 
ingested the hook into its mouth).  These situations were considered “misses”, in line with 
previous angling research on bluegill (Cooke et al. 2005).   
 Five days following the conclusion of angling, the pond was drained and 54 bluegill (24 
captured, 30 non-captured) were randomly selected and transferred to a series of 1175 L circular 
holding tanks connected to a recirculating flow-through system that brought water in 
continuously from an adjacent pond.  The remaining fish that were not used in the study were 
subsequently stocked into a separate on-site pond.  Tanks were stocked at a density of nine fish 
per tank (four captured, five uncaptured).  Water temperatures in the tanks matched ambient 
conditions in the ponds (daily mean temperature = 25.98º C ± 0.2º SEM).  During holding, fish 
were fed daily with frozen bloodworms (Chironomidae).  A total of 48 fish (N=23 captured fish, 
and 25 uncaptured) out of this group of 54 were then assessed for metabolic rate, beginning on 
July 20.  I chose not to assess all 115 fish for metabolic phenotype because I was concerned that 
the photoperiod and ambient temperature would change over extended period required to 
conduct respirometry assessments on all fish, thus biasing assessments of metabolic rates 
(Biswas and Takeuchi 2002). 
Metabolic Phenotype Assessment 
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 The 48 bluegill randomly selected following angling trials were assessed for metabolic 
phenotype via intermittent flow respirometry (Metcalfe et al. 1995; Redpath et al. 2010; Nelson 
and Chabot 2011).  Four fish were analyzed each day over the course of 12 d, beginning on July 
21, 2016.  During these 12 d, fish that had not yet been assessed for metabolic phenotype 
continued to be held in holding tanks described above.  On the day before analyses, each bluegill 
was loaded into an individual  27 L black Perspex box fed by a flow-through recirculation 
system that maintained dissolved oxygen above 10 mg/L and temperature at 24º C using an air 
stone and a heater-chiller (Teco®, Ravenna, Italy) in the reservoir tank that fed the system.  This 
was done to ensure that all fish were fasted for 24 h before conducting respirometry trials 
(Nelson and Chabot 2011) and to allow fish an opportunity to acclimate to the water 
temperatures employed in the respirometry setup.  On the day of the trial, each bluegill was 
removed from its individual container and placed into a 190 L tank and immediately exercised to 
exhaustion via “tail pinching” (Norin and Clark 2016), where an observer attempted to grab the 
tail of the fish forcing it to burst to escape.  All fish were considered exhausted when they no 
longer made attempts to escape and could be easily grabbed by the observer without successive 
bursts.  Immediately following exercise, fish were loaded into one of four 5.26 L individual 
respirometry cylinders immersed in a 585 L tank.  Water temperatures in the tank were 
maintained at 24ºC using heater-chillers and dissolved oxygen in the tank was maintained near 
100% saturation with a series of air stones.  Dissolved oxygen levels in the cylinders were 
monitored continuously using fiber optic oxygen probes (Loligo Systems ®, Tjele, Denmark).  
The measurement cycle was determined following a series of pilot trials and went as follows: 10 
minute flush, 5 minute wait, and 12 minute measurement, thus providing an individual 
measurement of metabolic rate (MO2, given in mg O2 consumed/kg fish weight/hr.) every 27 
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minutes.  All fish were held in respirometry chambers overnight before being removed the 
following morning (17-18 h later).  Following removal, a measurement of background metabolic 
rate was taken by measuring oxygen consumption in the cylinders without the fish.  Background 
respiration as a result of microbial activity was then corrected for each measurement based on a 
linear increase in MO2 from the outset of the trial (when pilot trials previously showed 
background MO2 values to be at zero) to the background MO2 value obtained after removing the 
fish (Rodgers et al. 2016).  To keep background respiration at a minimum, the entire setup (all 
tubing and chambers) were cleaned in a 10% bleach solution before each trial.   
Calculation of metabolic phenotype metrics was performed following methods described 
in Killen et al. (2015).  Standard Metabolic Rate (SMR) was calculated as the mean of the lowest 
tenth percentile of MO2 values collected during overnight holding.  Maximum Metabolic Rate 
(MMR) was determined as the single largest individual MO2 obtained following exercise.  
Aerobic Scope (AS) was calculated as the difference between MMR and SMR for each fish, and 
Routine Metabolic Rate (RMR) was defined as the mean of all MO2 measurements, excluding 
the first two hours after loading.  The determination of RMR was then used to calculate Excess 
Post-Exercise Oxygen Consumption (EPOC).  For this, a sixth-order polynomial recovery 
function was constructed that ran through all collected MO2 values obtained following exercise 
and overnight.  EPOC was then defined as the area under this curve and above RMR between the 
onset of the trial and the point where the recovery curve intersected with RMR (Killen et al. 
2015b).  Recovery time (Ts) was defined as the time needed before the fish had recovered 50% 
of its AS, as taken from MO2 values.  While I am conscious of prior studies that have shown that 
stressors can influence measures of metabolic phenotype, I found it unlikely that the process of 
being captured would have impacted measurements of metabolic phenotype as prior work has 
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shown that fish can recover normal metabolic cardiovascular function within 12 h of the angling 
stressor (Milligan et al. 2000; Cooke et al. 2003).   
Statistical Analysis 
To reduce the number of variables assessed, and account for correlations among 
metabolic metrics (SMR, MMR, AS, Ts, and EPOC) Principal Components Analysis (PCA) 
based on the correlation matrix was performed.  Component scores for each fish were varimax 
rotated based on the maximum likelihood solution, components with an eigenvalue over one 
were retained, and factor loadings with an absolute value ≥ 0.4 were considered significant 
contributors to each factor (Kaiser 1960, King et al. 2016).  Once components were extracted, 
Pearson’s Correlation Tests were run to determine if any components were associated with fish 
weight. 
To determine if the two anglers were systematically capturing fish with different 
metabolic phenotypes, Student’s T-tests were run comparing all extracted principal components 
between anglers.  A Fisher’s exact test was then used to determine if one angler captured a 
disproportionate number of fish relative to the other angler.  A one-way analysis of variance 
(ANOVA) was used to determine if any extracted components for captured fish differed 
depending on the color of the lure on which they were captured.   
To determine if angling selected for particular metabolic characteristics, a binary logistic 
regression was run to determine if any extracted components or fish weight were associated with 
capture status.  In addition, an ordinal regression was performed to determine if metabolic 
metrics influenced the order in which fish were captured.  For this analysis, only captured fish 
were assessed, and fish capture was binned by angling session.  This approach was taken, rather 









captured, and so on), to account for the fact that the likelihood of capture may depend on both 
intrinsic characteristics (e.g., metabolic phenotype) as well as chance encounter with the lure.  
By grouping all captured fish by session of capture, this issue is eliminated because, within each 
angling session, the entire pond was angled, and every fish likely was presented with a lure, 
especially given the relatively small size (0.04 ha) of the angling pond. 
For all tests, homogeneity of variances on raw data were confirmed using Levene’s Tests, 
and normality was assessed following visual inspection of residual q-q plots.  All analyses were 
conducted in R 3.3.1 (R Core Team, Vienna, Austria), and the level of significance (α) used for 
all tests was 0.05. 
 
Results 
 Summaries of all metabolic metrics and fish weight by capture status are given in Figure 
3-1.  Three principal components of metabolic phenotype with eigenvalues over 1 were extracted 
from these metabolic metrics (PCs 1-3).  Maximum metabolic rate and AS loaded positively on 
PC1, Ts and EPOC loaded positively on PC2, and SMR/MMR loaded positively on PC3 (Table 
3-1).  Cumulatively, the three extracted components explained over 96% of the total variance in 
the data (Table 3-1). No relationship was present between fish weight and PC1, however weight 
was significantly and negatively associated with both PC2 (t=-2.39, p = 0.02) and PC3 (t=-3.95, 
p ˂ 0.001).  This indicates that larger fish had a shorter recovery time and smaller EPOC, as well 
as a lower SMR, than smaller fish.   
Angling resulted in the capture of 34 of the available 115 fish (36 total capture events, 
including two recaptures).  Twelve of the capture events occurred in session one, six in session 
two, seven in session three, and 11 in session four.  No fish were captured during session five.  
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The subsample of fish used for respirometry paralleled the proportion of fish caught in each 
session overall, with nine fish captured in session one, three captured in session two, four 
captured in session three, and seven captured in session four.  When a strike was detected, as 
evidenced by the bobber being pulled beneath the surface of the water, the landing success rate 
across both anglers was 51.4%.  While this potentially leaves several fish that struck the bait 
classified as “uncaptured”, this landing rate is comparable to previously reported landing rates 
for bluegill anglers (Cooke et al. 2005), making the angling regime used presently a realistic 
representation of angling selection on bluegill in the wild.  Furthermore, the majority of “misses” 
were “nibbles”, where fish likely did not completely ingest the hook.  In my case, fish which 
fully struck the hook were classified as vulnerable, whereas “nibbles” were not considered 
indicative of a vulnerable fish.  Of the total captures, 23 (64 %) were by one angler, with 13 fish 
captured by the second angler.  While this difference in the proportion of captures by each angler 
was statistically significant (Fisher’s Exact Test, p=0.03), no components of metabolic 
phenotype nor fish weight differed across anglers (t-tests, all p’s > 0.3 for all extracted metabolic 
components and fish weight) or lure color (ANOVA, p > 0.17 for all components and fish 
weight).  Therefore, all captures were pooled regardless of angler or lure color for the purpose of 
metabolic phenotype comparison between captured and uncaptured fish. 
Neither the extracted metabolic components nor fish weight were a significant predictor 
of capture (Table 3-2).  Among the captured fish however, PC2 was significantly associated with 
the session in which fish were captured, with those fish that were captured later tending to have a 





Metabolic phenotype did not influence whether or not an individual bluegill sunfish was 
captured during experimental angling.  Metabolic rate describes the rate of energy consumption 
in organisms, and individuals that have high metabolic rates will need to have high rates of food 
consumption to meet their energetic demands (Biro and Stamps 2010).  Metabolic phenotype is a 
heritable characteristic in organisms that has been found to correlate positively with several 
ecologically relevant behavioral characteristics including boldness, aggression, performance, and 
activity level (Biro and Stamps 2008, 2010; Reale et al. 2010b; Metcalfe et al. 2016).  This 
positive relationship has also been found in bluegill sunfish, with bold individuals having higher 
aerobic scopes for activity (Binder et al. 2016).  In turn, these behaviors can be drivers of fitness, 
and a frequent finding has been that bolder, more active, and/or aggressive individuals achieve 
higher fitness (Biro and Stamps 2008).  This relationship however has not been universally 
demonstrated, and may be dependent on life stage (Ballew et al. 2017), or selective pressures that 
may lead to the decoupling of behavioral and metabolic characteristics  (Houston 2010; Hille and 
Cooper 2015).  While this is possible, I have no reason to suspect that the relationship between 
metabolic phenotype and boldness in bluegill, demonstrated by Binder et al. (2016) is any 
different for fish in this chapter.  The bluegill used for this chapter are the products of natural 
reproduction in a lake featuring a full suite of native predators as well as typical forage and cover 
items.  Therefore, the selective pressures on these bluegill were likely similar to those in any 
other natural environment, including the lake the bluegill described in Binder et al. (2016) were 
taken from.  If I am to assume, therefore, the same link between metabolic phenotype and 
behavior is common for bluegill, angling-driven selection based on metabolic phenotype could 
drive evolutionary changes in the behavior of exploited populations (Arlinghaus et al. 2016).  
However, because the date from this chapter showed that metabolic phenotype did not impact 
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whether or not an individual was captured, I would not expect anglers to impart selection on 
metabolic phenotypes for bluegill. 
Previous work has examined the role of behavior (particularly boldness) in driving 
vulnerability to capture independent of metabolic phenotype, with some studies suggesting that 
bold individuals are more vulnerable and thus would be selected against in an envioronment 
exploited by anglers (Harkonen et al. 2014; Alós et al. 2016).  Additionally, studies utilizing 
lines of largemouth bass artificially selected for differing vulnerability to angling found not only 
that the “high vulnerability” line exhibited higher metabolic rates relative to less vulnerable fish 
(Cooke et al. 2007; Redpath et al. 2010), but also that more aggressive nest defense behavior in 
highly vulnerable fish led to higher reproductive success (Sutter et al. 2012).  Furthermore, 
Hessenauer et al. (2015) showed that largemouth bass from unfished reservoirs had higher 
standard metabolic rates relative to fish from reservoirs exploited by anglers, providing further 
evidence that angling-induced selection can influence metabolic rates.  While it is tempting to 
then generalize these findings to all species, some evidence exists indicating that relationships 
among metabolic phenotype, behavior, and angling vulnerability may differ in bluegill sunfish 
compared to other species.  While a prior study of bluegill sunfish showed that a positive 
relationship between metabolic rate and boldness is indeed present (Binder et al. 2016), another 
study that assessed the relationship between boldness and angling vulnerability found that 
individuals captured via angling were shyer than those captured via seining (Wilson et al. 2011).  
Under this combined framework where shyer individuals are more vulnerable to angling, it might 
therefore be expected that individuals with lower metabolic rates would actually be more likely 
to be caught, however the data in this chapter do not support this prediction.  Perhaps the angling 
context (lure type, size of the pond, etc.) used for this chapter prevented the selective capture of 
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certain metabolic phenotypes, or did not provide enough angling time to detect a significant 
effect of metabolism on angling vulnerability.  Future work will be needed to determine if 
metabolic phenotype may indeed be under selection in bluegill sunfish, focusing on the role of 
metabolism in various contexts. 
 Among captured fish, individuals with longer recovery times and lower EPOC were more 
likely to be captured in later angling sessions.  However, given the relatively low number of 
captured fish and the lack of relationship between session of capture and other aspects of 
metabolic phenotype, this finding is difficult to interpret.  Prior to the outset of the study, I 
posited that capture order might be either positively or negatively associated with metabolic 
phenotype (particularly SMR and aerobic scope) even if overall mean metabolic rate was similar 
between captured and uncaptured fish, through several possible mechanisms.  First, high 
metabolic rates are driven by relatively high allocation costs, with a greater amount of energy 
being routed towards active behavior, sexual development, digestion, and other needs (Enberg et 
al. 2012).  This would lead fish to have to feed more frequently in order to satisfy those 
demands, in turn leading to a greater probability of striking a fishing bait.  In a second connected 
mechanism, higher activity levels as a result of high metabolic rates could have led bluegill to be 
more likely to randomly encounter fishing gear (Stamps 2007).  Finally, at least two studies 
(Metcalfe et al. 1995, Killen et al. 2014) have found a positive relationship between metabolic 
rate and aggression, which may facilitate dominance over the food resource (in this case, the 
bait), leading to more captures.  Alternatively, if feeding motivation and behavior are not driving 
lure striking, then the phenotype of individuals captured early or late in the angling process could 
be driven by relative learning ability.  It is well established that fish are able to learn to avoid 
lures following a period of angling pressure (Young and Hayes 2004; Lennox et al. 2016).  The 
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process of learning has been previously described as a type of behavioral flexibility (Stamps 
2016), and high metabolic rates, while positively associated with boldness, have been negatively 
associated with behavioral flexibility (Koolhaas et al. 1999).  With regards to capture order, it 
would then be possible that fish caught later in the angling process would have higher metabolic 
rates, as behaviorally flexible individuals with lower metabolic rates would have altered their 
behaviors to avoid striking the bait more successfully.  However, neither of these possible 
mechanisms were supported by my data, which found no relationship between capture order and 
the aerobic components (SMR, MMR, AS) of metabolic phenotype.  This finding presents 
another piece of evidence that, for bluegill sunfish, metabolic phenotype is not associated with 
angling vulnerability. 
Vulnerability to angling for a fish is likely driven by a host of behavioral and state-driven 
factors (Lennox et al. 2017).  While prior work has found metabolic phenotype to be altered in 
heavily angled populations (Redpath et al. 2010; Hessenauer et al. 2015), I propose four potential 
explanations for why metabolic phenotype did not predict capture for bluegill sunfish that could 
be explored in future work.  First, metabolic phenotype may not be a major driver of capture in 
fish, at least over short periods of angling, but still may be altered over a longer period of time 
due to its covariance with other physiological or behavioral characteristics that are actually 
proximal drivers (Ketterson and Nolan, Jr. 1999).  For example, a recent study found that, over a 
week of angling, individual largemouth bass that showed lower rises in cortisol concentration in 
plasma following a stressor were more likely to be captured (Chapter 2).  While cortisol levels 
and metabolic rate were not correlated in that study, the fact that these physiological traits have 
been shown to be linked previously (Careau et al. 2008) could provide a route through which 
metabolic phenotype could evolve under the selective pressure of angling even if metabolic rate 
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is not the proximal driver of vulnerability.  A second alternative explanation could be that 
conditions present in the pond altered the selectivity of capture based on metabolic phenotype.  
The pond where angling took place featured a high density of forage between the stocked 
juvenile fathead minnows and natural aquatic invertebrates.  Under these conditions, it is 
possible that all fish, regardless of their metabolic rate, were fed to satiation.  As a result, the 
angled population may not have differed in feeding motivation, which could eliminate the role of 
metabolic rate in driving the response to fishing baits.  A third potential explanation applies to 
the species used in this chapter.  While many studies have quantified the relationship between 
boldness/activity and angling vulnerability, a notable exception to the general finding that 
boldness is positively correlated with vulnerability (Alós et al. 2012, 2016; Harkonen et al. 2014; 
Villegas-Rios et al. 2014) was found in bluegill sunfish, where individuals that were caught via 
angling were shyer than those captured from the same area via seining (Wilson et al. 2011).  
These results indicate that there is perhaps something specific and unknown about this species 
and its behavior that leads to individuals with the high boldness/high metabolic rate phenotype 
(Binder et al. 2016) to not be more vulnerable to angling as in other species.  It should be noted 
however that, in the Wilson et al. (2011) study, when seined fish were subjected to angling in an 
artificial environment, it was the bolder fish that were found to be more vulnerable.  This could 
indicate that vulnerability to angling is driven both by the fish’s phenotype as well as the angling 
environment, which would lead to particular phenotypes being more vulnerable in some 
situations but not in others.  Alternatively, the lack of a relationship between metabolic 
phenotype and capture likelihood may be related to the methodology of the study, specifically 
angling over a relatively short period of time (single captures over 3 angling sessions).  This 
short period may not have allowed for angling in a wide variety of environmental contexts 
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(different water temperatures, forage availability, photoperiod, etc.) that change seasonally, and 
metabolic phenotype may prove to be a driver of capture likelihood under alternative 
environmental conditions.  Indeed, previous work that demonstrated an impact of angling on 
metabolic rate in largemouth bass occurred over several generations (Redpath et al. 2010; 
Hessenauer et al. 2015).  Further work will therefore be necessary to determine if the findings of 
this chapter apply to all environental contexts in bluegill sunfish, and also to examine how 
environmental context may change patterns of angling-induced selection in other targeted 
species. 
 The selective capture of individuals with particular traits has the potential to 
evolutionarily alter exploited fish populations.  This process of ‘fisheries-induced evolution’ has 
previously been quantified in commercially exploited marine fisheries, with studies 
demonstrating alterations in life history traits such as age-at-maturity and mean growth rate 
(Devine et al. 2012; Kuparinen and Hutchings 2012; Eikeset et al. 2013).  The potential for 
fisheries-induced evolution to occur in recreationally-targeted fisheries has been demonstrated as 
well (Edeline et al. 2007; Philipp et al. 2009).  For recreational stocks, this necessitates the 
determination of characteristics that may be drivers of angling vulnerability, and thus under 
selective pressure.  Metabolic phenotype emerges as a primary variable of interest, due to its 
cascading impacts on the behavior and ecology of individuals (Metcalfe et al. 1995; Killen et al. 
2012; Myles-Gonzalez et al. 2015) and the fact that prior studies have indicated that it may be 
under selective pressure in recreationally fished populations (Redpath et al. 2010; Hessenauer et 
al. 2015).  I found no evidence that any measurement of metabolic phenotype is a determinant of 
angling vulnerability in bluegill sunfish in the context of acute, short term fishing pressure.  This 
finding is a further demonstration of the fact that the drivers of angling vulnerability may not be 
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simple, and that within different contexts (different times of year, gear types, targeted species), 
angling-induced selection may or may not cause evolution in particular traits.  Because metabolic 
phenotype has been shown to be linked to boldness, and prior work has shown that bolder 
bluegill sunfish are not more vulnerable to capture (Wilson et al. 2011), a behavioral cascade 
leading to shyer average behavior as well as lowered metabolic rates in exploited populations 
(Arlinghaus et al. 2016) may therefore be unlikely to occur for this species.  The lack of a 
metabolic influence on capture likelihood however does not preclude the possibility that bluegill 
sunfish populations have indeed been evolutionarily changed due to angling, with alternative 
characteristics driving angling vulnerability.  Going forward, it will be incumbent on managers 
and researchers to continue to investigate these possible factors, with an eye towards accurate 
predictions of how various targeted species may evolutionarily respond to angling pressure. 
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TABLES AND FIGURES 
 
 
Table 3-1: Factor Loadings of metabolic metrics across all bluegill sunfish Lepomis macrochirus 
derived from principal components analysis (PCA).   
 
Factor PC1 Loadings PC2 Loadings PC3 Loadings 




)   0.989 




) 0.815  0.575 




) 0.974   
EPOC (mg O2 kg
-1
) 0.490 0.747  
Ts (h)  0.956  
    
Eigenvalue 1.96 1.77 1.03 
% Variance Explained 39.22 35.41 21.46 
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Table 3-2: Output of binary logistic regression analysis examining relationships between 
principal components of metabolic phenotype and angling vulnerability in bluegill Lepomis 
macrochirus (N = 23 captured, 25 uncaptured).   
Factor Estimate St. Error Z p 
Intercept 1.06 2.05 0.52 0.60 
Fish Weight -0.01 0.02 -0.56 0.57 
PC1 0.18 0.30 0.61 0.54 
PC2 -0.03 0.32 -0.11 0.91 





Figure 3-1: Boxplots describing A) Standard Metabolic Rate, B) Maximum Metabolic Rate, C) Aerobic Scope, D) Recovery Time, E) 
Exess Post-Exercise Oxygen Consumption, and F) Fish Weight for bluegill Lepomis macrochirus by capture status (N=23 yes, N = 25 






Figure 3-2: Relationships between extracted components of metabolic phenotype and the session 
in which bluegill sunfish Lepomis macrochirus (N = 23) were captured.  Statistical outputs 
provided are derived from an ordinal regression analysis which included fish weight as 
independent variables, and the session in which the fish was captured as the dependent variable.  
The regression line on panel C indicates a significant relationship between PC2 and angling 




CHAPTER 4: SOCIABLE BLUEGILL (LEPOMIS MACROCHIRUS) ARE 
SELECTIVELY CAPTURED VIA RECREATIONAL ANGLING 
Introduction 
 Interactions among individuals within a population are often dictated by overarching 
social structure.  Many species form herds, shoals, or loosely-tied aggregations that provide for 
mutual protection and the acquisition of crucial resources to group members (Krause et al. 2003; 
Dyer et al. 2009; Sih et al. 2009).  Social groups are often hierarchical, and group members may 
adopt specific roles based on their size, age, experience, and behavioral tendencies (Croft et al. 
2009; Modlmeier et al. 2014).  The consistent behavioral tendencies of an individual are often 
collectively referred to as its “personality”, while the term “behavioral syndrome” refers to sets 
of traits that are correlated across a population of individuals (Bell 2007; Reale et al. 2010b).  An 
individual’s sociability, defined as the tendency to associate with conspecifics, is considered a 
major axis of animal behavior and a significant determinant of social position within a hierarchy 
(Reale et al. 2007).  Within these social groups, certain individuals may be critical to group 
cohesion, and the loss of such individuals can lead to a cascading loss of social function for the 
entire group (Modlmeier et al. 2014).  These critical individuals may be leaders that obtain that 
position as a result of their behavioral dominance (Harcourt et al. 2009; Burns et al. 2012), 
individuals that have acquired important knowledge that is of benefit to other group-members 
(Franks and Marshall 2013; Jolles et al. 2014), or highly social individuals that quickly spread 
such information throughout an entire group (Vital and Martins 2013).  Since individual 
behavioral characteristics (such as sociability and aggression) are likely to determine what role 
and individual occupies, understanding how these individual traits drive mortality risk is crucial 
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in order to predict how group function may be impacted by the selective mortality of individuals 
with particular traits. 
 Selective mortality for social species can come in the form of harvest, where individual 
characteristics predispose game animals to greater risk.  For instance, more active elk Cervus 
canadensis have been found to be more vulnerable to hunters (Ciuti et al. 2012), while it has 
been posited that highly social spiny lobsters Panulirus argus are more likely to form tight 
congregations in traps, leading to capture (Childress et al. 2015).  Indeed, the propensity for 
individuals with particular behavioral traits to be more likely to be captured in traps or other gear 
has been demonstrated in reptiles (Michelangeli et al. 2016) as well as fish (Olsen et al. 2012; 
Pauli et al. 2015).  Within the specific context of fishing, selective harvest of individuals with 
key behavioral, physiological, or life history characteristics has been shown to lead to 
evolutionary change in exploited marine (Kuparinen and Merila 2007; Eikeset et al. 2013) and 
freshwater (Philipp et al. 2009; Kendall and Quinn 2011) recreational systems, a process known 
as fisheries-induced evolution  (Diaz Pauli and Sih 2017).  Fisheries-induced evolutionary 
changes can lead to major impacts on the viability of exploited populations (Jorgensen et al. 
2007).  With regards to behavior, studies examining links between angling vulnerability and 
individual traits have largely focused on two behavioral axes (Reale et al. 2007) that may evolve 
in response to selective capture – individual boldness and exploratory tendency (Wilson et al. 
2011; Harkonen et al. 2014; Alós et al. 2016), with a typical finding that bolder and/or more 
exploratory individuals are more likely to approach lures and strike, leading to capture (Klefoth 
et al. 2013, 2017).  A third behavioral axis, sociability, has rarely been studied in this context 
(but see Mourier et al. 2017).  Sociability is also often linked with aggression in individuals 
(Weeks et al. 2000; Overli et al. 2004), another understudied behavioral axis in the context of 
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angling vulnerability (but see Sutter et al. 2012).  In the case of aggression, it might be expected 
that individuals that are aggressive towards other individuals could also be more aggressive in 
striking lures (Sutter et al. 2012).  With regards to sociability, prior work has shown that social 
tendencies impact various aspects of an individual’s ecology, such as its habitat choice (Budaev 
1997; Webster and Hart 2006), that may in turn lead fish to be more vulnerable by causing them 
to frequent areas targeted by anglers (Matthias et al. 2014; Monk and Arlinghaus 2018).  
Furthermore, intrinsic sociability may lead individuals to select differing social settings, for 
instance large groups where intense competition for food (Stoner and Ottmar 2004; Ward et al. 
2006) may leave individuals more likely to strike a baited hook.  Collectively, social behavior 
and/or aggression may well be linked to angling vulnerability, however work examining this 
potential relationship is currently scarce.  
 To better understand whether individuals that differ in their vulnerability to angling also 
differ in their sociability or aggression, I conducted a laboratory study utilizing bluegill, Lepomis 
macrochirus.  Bluegill are a semi-gregarious freshwater fish species that form social hierarchies 
based on aggressive interactions (Lorenz et al. 2011; Gaeta et al. 2013) and are commonly 
targeted by anglers throughout much of North America. To define the relationship between 
angling vulnerability and social behaviors, a population of bluegill were first subjected to a series 
of angling trials in a natural pond environment.  Next, a subset of captured and uncaptured 
bluegill were tested for sociability in a behavioral arena and aggression in a dyadic contest.  This 
work is among the first to examine the role of social behavior broadly in driving angling 
vulnerability, a relationship that could have evolutionary significance if these characteristics are 





Study Site and Experimental Animals 
 All experiments took place at the Illinois Natural History Survey’s Aquatic Research 
Facility using 151 adult bluegill acquired from Jake Wolf Fish Hatchery in Topeka IL on 4 June 
2016.  While bluegill were not aged over the course of this study, based on their lengths it is 
likely that all fish were at least 3 years old when they were acquired (Peterson et al. 2010).  
Mean total length among study fish was 16.7 cm (± 6.5 cm standard deviation), and mean weight 
was 80.4 g (± 11.2 g standard deviation).Bluegill acquired from the hatchery had been reared in a 
natural lake environment featuring natural forage and aquatic predators such as largemouth bass 
Micropterus salmoides and muskellunge Esox masquinongy.  While bluegill in this environment 
had to evade predators, they had not been previously exposed to angling pressure.  Upon arrival 
at the Aquatic Research Facility, all fish were first implanted with a Passive Integrated 
Transponder (PIT) tag for individual identification before being stocked into a single 0.04 ha 
experimental pond.  The pond featured an earthen bottom and native macrophytes for cover, and 
fish were able to forage on stocked mosquitofish Gambusia spp. as well as naturally occurring 
macroinvertebrates.   
 
Angling Trials 
Angling sessions in the experimental pond took place over five days, on 13-15 and 20-21 
June, and were conducted by two experienced anglers.  Each day of angling consisted of one 90-
minute session beginning at 7:00 AM, followed by a second 90-minute session beginning at 5:30 
PM.  Both the morning session and the evening session were divided into three 30-minute 
periods, and the shoreline of the angling pond was divided into two sections of equivalent length 
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(approximately 40 m of shoreline).  At the outset of the first period, an angler was randomly 
assigned to each of the two sections of the pond where they fished for 30 minutes, moving 
around the shoreline so as to target all possible areas of the pond within that section.  After this 
period, the anglers switched sections and fished for a second 30-minute period, and the process 
was repeated a third time for the third period.  Both anglers used light-action spinning rods 
spooled with 1.8 kg Berkley® Trilene monofilament fishing line for all sessions, as is typical for 
bluegill anglers.  The lure presentation consisted of a size 12 Eagle Claw® J-Hook baited with 
Berkley® Crappie Nibbles in one of three colors (chartreuse, pink, or white).  During each 
period, anglers used a different color bait as determined by random selection.  Upon capture, the 
hook was immediately removed from the fish, the identity of the individual fish was determined 
via PIT tag, and the fish was returned to the pond no more than 1 minute after capture.  All 
captured fish except one were hooked superficially in the mouth, allowing for easy dehooking, 
the one fish that was “deep-hooked” was removed from the study to avoid the complications of a 
more prolonged dehooking time on its subsequent behavior.  A total of 40 fish were captured at 
least once, with only a single fish being captured twice.   
Fish Holding 
On 22 June, the pond was drained, 141 of the original 151 bluegill were recovered, and a 
subsample of 19 captured and 19 uncaptured fish were haphazardly selected to be assessed for 
sociability and dominance.  The remaining fish were used to populate stimulus shoals during 
sociability trials (see below).  Initially, 32 captured and uncaptured fish were selected for 
behavioral testing, however during the holding period abnormally warm ambient temperatures 
over a three-day period combined with an unexpected failure of the flow-through pump system 
led to the death of 19 of the 64 fish across a subset of the holding tanks.  Following this event, 
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the remaining fish in the impacted tanks were placed across the remaining holding tanks, in order 
to ensure that each experimental fish experienced a tank environment that included a similar 
density of conspecifics.  In the immediate aftermath of this event, an additional two fish were 
removed from the experiments due to listless behavior in the tank and a lack of feeding 
motivation, indicating stress.  An additional five fish showed no signs of stress, however, they 
could not be paired successfully with an “unfamiliar” fish during dyadic trials (see below), which 
began six days after the conclusion of the mortality event.  Given that the remaining fish were 
feeding normally and displaying typical behavior, and because this time frame has been found to 
be sufficient to allow for recovery in bluegill previously (McConnachie et al. 2012), I did not 
expect that this event would have impacted the subsequent behavior of the fish.  Holding tanks 
for bluegill consisted of one of several circular 1135 L outdoor holding tanks, where fish were 
fed daily with frozen bloodworms (Chironomidae).  Holding tanks were equipped with a flow-
through pump system that continuously circulated water from an adjacent pond into the holding 
tanks at a rate of approximately eight full water exchanges per tank per day.  An equal number of 
captured and uncaptured fish were put into each holding tank prior to experimentation, in order 
to avoid any possible tank effects that might lead to systematic differences in behavior between 
captured and uncaptured fish.  With regards to the possible impacts of angling stress on the 
captured fish, because fish typically recover from the stress of angling within 24 h (Cooke et al. 
2003; Cooke and Schramm 2007), I did not anticipate any impact of the angling event on the 
subsequent behavior.  Indeed previous studies have taken the approach of subjecting fish to 
angling prior to an assessment of individual behavior or physiology (Wilson et al. 2011; 





 The evening before shoaling trials were conducted, each focal fish was placed in a 27 L 
black plastic isolation box to prevent potentially confounding social interactions among trial 
subjects.  Each isolation box was connected to a recirculation system that continuously provided 
oxygenated water from a common reservoir tank.  Water temperature in the isolation tanks was 
maintained near 22ºC by a Teco® Heater-Chiller (Ravenna, Italy) that recirculated water within 
the reservoir tank.  Shoaling trials were designed to assess the willingness of an individual to 
associate near conspecifics on the opposing side of a transparent barrier, based on methods 
described in previous studies (Ward et al. 2004; Cote et al. 2012; Jolles et al. 2014).  Social 
behavior was assessed only in the 38 focal fish (i.e., 19 captured and 19 uncaptured), while the 
remaining fish that were recovered from the pond were used to populate shoals for the purpose of 
this test.  Trials were conducted in one of two behavioral arenas consisting of 565 L (181 cm 
long × 65 cm wide) rectangular polyethylene stock tanks filled with water to a depth of 30 cm.  
Behavioral arenas were divided in half along their short axis by a clear plexiglass divider that 
was punctured by a series of holes that allowed the exchange of water between the sides of the 
arena (Figure 4-1).  A single 15 cm long piece of 7.6 cm diameter PVC piping was placed on one 
side of the arena to serve as a shelter item for the focal fish.  On the day of the trial, a shoal of 6 
conspecifics were drawn from the population of fish in the angling trials that were not selected 
for behavioral assessments and placed in the side of the behavioral arena opposite of the focal 
fish.  Over the course of the experiment, each non-focal fish was used multiple times to populate 
shoals.  By using a reasonably large shoal of non-focal conspecifics, I increased the chances of 
having each shoal populated by a mix of behavioral types, preventing potential bias as a result of 
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a focal fish desiring to interact more or less with shoals depending on the behavioral types 
present in the shoal (Harcourt et al. 2009b).  
 Each trial was filmed with a GoPro® Hero 3 camera positioned directly over a line 
marking 8 cm from the divider on the focal side of the arena.  This area within 8 cm of the 
divider was referred to as the “social zone” for the purpose of the experiment.  A second line was 
drawn 24 cm from the divider, the area from that line to the end of the arena away from the 
divider was designated as the anti-social zone, with the space in-between labeled the “neutral 
zone” (Figure 1).  Each trial consisted of a 15-minute acclimation period followed by a 15-
minute trial when behaviors were observed and recorded.  During the trial, the total amount of 
time each focal fish spent in the social and anti-social zones was determined.  Time spent in the 
social zone was considered a measure of sociability in that greater time spent in the social zone 
indicated a more social focal fish (Cote et al. 2012).  Four days after the first trial, each focal fish 
was subjected to a second trial to assess the short-term repeatability of shoaling behavior.  
Following their second shoaling trial, each fish was returned to their original outdoor holding 
tank, where they were held until assessment for dominance in dyadic trials. 
 
Dyadic Trials 
 To quantify social dominance and aggression as it relates to angling vulnerability, I 
subjected experimental fish to paired dyadic trials conducted in one of eight 37 L glass aquaria 
(50 cm long × 28 cm wide × 33 cm high) that were initially divided in half by a removable 
opaque plastic barrier.  Three sides of the aquarium were blocked with opaque plastic sheeting to 
avoid startling of the fish by observers, and scoring of all trials was conducted by a single 
observer looking in through a small slit in an opaque plastic blind positioned in front of each 
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aquarium.  Trials began on 24 July and were conducted and scored based on previously 
described methods (DiBattista et al. 2005; Jeffrey et al. 2012).  In each trial, two focal fish (one 
captured, one uncaptured) were size-matched within 5% total length and placed into opposing 
sides of the divided aquarium.  Previous work on the closely related pumpkinseed sunfish 
Lepomis gibbosus has demonstrated that, while size is a major predictor of dominance, 
differences in size of the magnitude used for this chapter are unlikely to be determiners of dyadic 
outcomes (Beacham 1988).  Each fish was given a differentiating caudal fin clip (a small clip to 
either the upper or lower lobe of the caudal fin) prior to loading to identify it during 
observations, however the observer was unaware of which fish was captured and uncaptured 
when making observations during the trial. Pairs of fish were selected for dyadic trials from 
different holding tanks to ensure each pair had no prior opportunity to interact with each other 
during holding.  Upon being placed into the aquarium, both fish were immediately fed with  
bloodworms and allowed to acclimate to the aquaria overnight.   
The following morning the divider was removed, and, after a 30-minute acclimation 
period, behavioral observations were initiated.  The divider was not replaced over the two days 
of study, allowing the fish to continuously interact.  The first behavioral observation for each 
pair took place between 8:30 and 10:00 AM, with the second observation taking place between 
2:30 and 5:00 PM.  This pattern of a morning and afternoon observation was repeated the 
following day for each pair, for a total of four behavioral observations over a period of two days. 
Categorical scores describing tank position, feeding, aggressive acts, and coloration were 
recorded during each observation using a scoring method developed based on pilot observations 
(Table 4-1).  At the outset of the observation, the position of the fish in the tank was noted and 
categorized according to one of three possibilities: a “dominant” position where the fish was 
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actively moving in the center of the tank, a “subordinate” position where the fish was found 
immobile in a corner facing one of the sides of the tank (i.e., skulking), and a “neutral” position 
where the fish was found near the bottom but was not in the corner and was still facing inwards, 
towards the center of the tank.  Next, a small amount of frozen bloodworm was dropped into the 
tank, and the first fish to feed was noted.  Over the next five minutes, aggressive interactions 
(chases, bites, gill flares, yawning displays) were counted for each fish, followed by a second  
assessment of tank position.  Finally, at the conclusion of the observation the color of the fish  
was noted.  Because brighter coloration in centrarchids is an indicator of high social status 
(Howard 1974), and because subordinate fish featured far darker coloration during the dyadic 
trial, the fish displaying brighter coloration (especially more prominent orange coloration on the 
breast and more vivid coloration on the rest of the body) compared to the opponent received one 
point.  If no obvious difference in coloration was present, no points were awarded for either fish.  
It should be noted here as well that no differences in coloration were present between any paired 
fish prior to interactions, meaning differences in color almost certainly represented differences in 
social status and stress between the paired individuals.  The overall social dominance score of the 
fish was determined by adding the scores from the four individual observations, with higher 
scores indicating more dominant individuals.  Within this scoring system, position in the tank is 
weighted heavily, which reflects prior work that shows that commanding the center position of a 
tank is the best indicator of dominance (Sloman et al. 2000; Sloman et al. 2001).  Following the 
conclusion of dyadic trials, the fish were removed from the tanks and returned to the outdoor 





A chi-squared test was performed to determine if fish had any preference for the three 
zones in the shoaling assay and did not simply move about the tank at random, regardless of 
whether or not a fish was captured.  This was done to validate the shoaling assay design, as it 
would be expected that fish on average would show a preference for the social zone, where they 
could associate with conspecifics.  For this analysis, the null hypothesis of random movement 
was tested based on the expectation that the proportion of the trial time spent in each zone was 
proportional to the area of each zone within the arena, for each individual trial.  Spearman Rank 
Correlations were used to determine the repeatability of times spent in each of the three zones 
between the first and second trials.  This rank-based approach (Wilson and Godin 2009; McGhee 
and Travis 2010) was used to account for the fact that across all fish, time spent in the social 
zone was higher in the second trial compared to the first (Student T-test, t = -2.81, df = 37, p = 
0.007).  The difference in social behavior across trials was likely due to acclimation to the testing 
procedure (Dingemanse and Plas 2009), requiring that repeatability be evaluated based on an 
individual’s zone occupancy across trials relative to other fish, independent of the change in 
mean level behavior among all fish across between trials (Bell et al. 2009). 
Binary logistic regression was used to determine if dominance, social behavior and/or 
fish length predicted whether or not a fish was captured during angling trials.  Because the three 
measures of social behavior taken from the shoaling assay (time spent in antisocial, social, and 
neutral zones) were compositional (i.e. not independent) and auto-correlated (i.e. a fish that spent 
more time in the social zone automatically spent less time in the antisocial zone), I included only 
time spent in the social zone as the predictor variable of interest.  Effect sizes of dominance 
score, fish length, and time spent in the social zone were then tested for significance.  Because 
each fish was assessed twice for sociability and only once for aggression/dominance, for the 
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purpose of the model time spent in the social zone was summed between the two shoaling trials.  
Simple linear regression was used to determine if dominance score and the total time spent in the 
social zone over both shoaling trials were related to each other.  All statistical analysis was 




  Fish showed a disproportionate affinity for particular zones (Trial 1 χ
2
 = 832.9, df = 2, p 
< 0.001; Trial 2 χ
2
= 1712.6, df = 2, p < 0.001) indicating fish position within the shoaling arena 
was not random.  Specifically, fish spent significantly more time in the social zone than expected 
if distribution was random, and significantly less time in the anti-social zone, though as 
described above the time spent in each zone changed between trials 1 and 2 (Mean social, 
neutral, and antisocial zone time (in s) for trial 1 = 311.1, 234.6, 354.1; Mean social, neutral, and 
antisocial zone time for trial 2 = 427.1, 197.3, 275.6).  Rank order of time spent in each of the 
three zones was significantly repeatable between trials (Social Zone Time rs = 0.38, p = 0.01; 
Neutral Zone Time rs = 0.39, p = 0.01; Antisocial Zone Time rs = 0.37, p = 0.01). 
Time spent by bluegills in the social zone of the behavioral arena emerged as a 
significant predictor of whether or not it was captured during angling.  Captured fish spent, on 
average, 422 seconds in the social zone during shoaling trials, while uncaptured fish averaged 
315 seconds in the social zone (Figures 4-2, 4-3).  Although uncaptured fish emerged from 
dyadic trials with a higher dominance score in 12 of 19 trials, dominance in dyadic trials was not 
significantly associated with capture status (Table 4-2).  Furthermore, no relationship was found 
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 Sociability is a critical factor in determining fitness for many species through its role in 
mate selection, predator avoidance, habitat selection, and knowledge transfer (Krause et al. 2003; 
Wilson et al. 2014). The results of this chapter indicate that increased sociability, one of five 
major axes of behavior (Reale et al. 2007), is associated with increased vulnerability to 
recreational angling in bluegill.  In this chapter, bluegill that were captured by anglers spent 34% 
more time engaged with conspecifics on average when compared to fish that were not captured.  
Rank order of time spent in the three zones of the behavioral arena were repeatable across trials, 
indicating that experimental measures of sociability were indicative of social behavior tendencies 
that are intrinsic (van Oers et al. 2004; Bell et al. 2009).  While tests assessing the role of 
sociability in driving angling vulnerability are scarce, Arlinghaus et al. (2016) argued that 
extensive angling selection on other behavioral axes (primarily boldness) can impact crucial 
social behaviors such shoal cohesiveness and nest defense.  The results of this chapter, however, 
indicate that sociability itself as a behavioral axis may be under selective pressure, rather than 
being impacted via proxy through selection on other related behaviors.  If selection favoring less 
social behavioral types is indeed occurring in the wild, there may be non-negligible ecological 
impacts.  Cohesive social behavior is necessary for accomplishing crucial tasks such as foraging 
(Webster and Hart 2007; Morrell et al. 2008; Dyer et al. 2009) and avoiding predators (Croft et 
al. 2009; Lacasse and Aubin-Horth 2014).  If fishing mortality rates of highly social individuals 
are high due to angler harvest, the ability of fish groups to perform functions that rely on highly 
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social group members may indeed be reduced, however further work will be necessary to 
determine the extent of this selection in natural systems.   
 Along with sociability, aggression is another major axis of personality (Reale et al. 2007; 
Conrad et al. 2011) that has been posited to be a driver of angling vulnerability under the 
prediction that highly aggressive and dominant individuals would tend to aggressively strike 
fishing lures and baits (Suski and Philipp 2004; Sutter et al. 2012).  In contrast to sociability, 
dominance was not associated with capture vulnerability in bluegill.  Predictions regarding the 
ecological implications of fisheries selection on aggression have been studied largely within the 
context of changes in nest defense behavior following removal of especially aggressive 
individuals.  For example, work on artificially selected lines of largemouth bass Micropterus 
salmoides demonstrated that ‘low vulnerability’ fish were less aggressive, albeit within the 
specific context of defending their nests against potential brood predators (Cooke et al. 2007; 
Sutter et al. 2012).  The present results indicate that, outside the context of nest defense, 
intraspecific aggression is not associated with capture likelihood in bluegill.  Based on data from 
this chapter and previous work, I postulate that for centrarchids, selective capture of aggressive 
individuals may primarily occur during the reproductive period when nest guarding males are 
angled off nests (Suski and Philipp 2004; Sutter et al. 2012).  Alternatively, differences in 
selection may relate to the ecology of the individual species.  Bluegill are known to be more 
socially gregarious than largemouth bass, and form social groups to facilitate foraging and 
predator avoidance (Savino and Stein 1982; McCartt et al. 1997).  Perhaps social behaviors drive 
angling vulnerability only in species that are highly social, whereas in species where individuals 
are more solitary social behaviors are rendered irrelevant.  If this is the case, we could expect 
that, in exploited populations, the impacts of fisheries selection on behavior may differ 
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depending on the species in question.  While conceptual models predicting increased timidity as 
a result of selective capture of bold/aggressive phenotypes have been put forward (Arlinghaus et 
al. 2016), the present results indicate that in bluegill increased timidity resulting from fisheries 
related selection is unlikely to occur, as elevated aggression and dominance were not associated 
with angling vulnerability. 
 In studies of selective harvest mortality, linkages between behaviors are of interest 
because selection based on one characteristic can also lead to evolutionary change in the linked 
characteristic.  A behavioral syndrome describes a suite of behaviors that are linked together 
across individuals in a population (Bell 2007; Reale et al. 2010b).  While it may be expected that 
sociability and aggression are correlated with each other within this framework, previous work 
examining the link between sociability and aggression has been met with mixed results.  On one 
hand, a negative relationship between the two axes has been found whereby more social 
individuals were less aggressive in American eels Anguilla anguilla  (Geffroy et al. 2014), as 
well as social spiders Anelosimus studiosus (Pruitt and Riechert 2011).  By contrast, a positive 
relationship between sociability and aggression has been demonstrated in graylag geese Anser 
anser (Kralj-Fiser et al. 2010) and three-spine sticklebacks Gasterosteus aculatus (Laskowski 
and Bell 2014).  In this chapter, dominance score was not a significant predictor of time spent in 
the social zone, indicating that a behavioral syndrome linking sociability and aggression 
(whether positively or negatively) either does not exist or is not especially strong in bluegill.  If 
sociability and aggression are not linked in bluegill, this may allow for fisheries-induced 
selection to alter levels of sociability without changing aggression/dominance (Dochtermann and 
Roff 2010).  If angling selection is indeed capturing bluegill based on the characteristics 
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observed in this chapter, we should therefore expect a decline in social tendencies in bluegill 
from heavily fished systems, with no corresponding change in mean aggression levels. 
 Prior work on bluegill may provide clues as to why, in this species, I found that 
sociability, but not dominance, was associated with angling vulnerability.  While sociability has 
not been heavily studied with respects to angling vulnerability (but see Mourier et al. 2017), 
many studies have found a positive relationship between boldness and angling vulnerability 
(Klefoth et al. 2013; Harkonen et al. 2014; Alós et al. 2016; Lennox et al. 2017), with an 
expectation that more aggressive individuals will be more vulnerable to capture as well (Wilson 
et al. 2011).  Conversely, Wilson et al. (2011) found that for bluegill, shyer (i.e., less bold) 
individuals were more vulnerable to capture.  Combining these results with those of this chapter, 
it appears that shy and social individuals are more likely to be captured.  While there is currently 
little direct study as to the specific mechanisms that might underlie the connection between 
shyness/sociability and angling vulnerability, perhaps this finding is due to social individuals 
being among the first to explore novel food sources, leading to capture on baited hooks (Vital 
and Martins 2013; Modlmeier et al. 2014).  Or, perhaps social bluegill tend to form more densely 
packed groups, leading to a density-driven increase in feeding motivation and competition when 
a baited hook is placed nearby a large group of social individuals (Stoner and Ottmar 2004).  
Regardless of the mechanism, the oft-reported connection between high boldness, aggression, 
and capture vulnerability does not appear to apply to bluegill, and, in fact, angling may be 
expected to selectively capture more social phenotypes in exploited populations. 
Recreational angling is a popular activity throughout much of the world, having a 
massive cultural and economic impact (Post 2013).  The maintenance of healthy recreational 
fisheries is the primary mission of fisheries managers, and research has examined the possibility 
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of fisheries collapse as a result of recreational harvest (Post et al. 2002; Cooke and Cowx 2004; 
Post 2013).  A relatively new emphasis has been placed on the role of individual behavior in 
driving vulnerability to capture, which could lead to evolutionary shifts in the behavioral 
characteristics of populations (Uusi-Heikkila et al. 2008; Ward et al. 2016; Diaz Pauli and Sih 
2017).  The negative impacts of such shifts are largely a matter of speculation, with a major 
concern being the disruption of social functioning in exploited populations (Arlinghaus et al. 
2016).  While other work has speculated on impacts on social behavior through other behavioral 
mechanisms, I show here that social behavior in and of itself may be under selection in 
recreational fisheries, with more social individuals being more vulnerable to capture.  Given the 
relatively small sample size used for this chapter however, it is clear that more work will be 
required to determine if selection based on sociability is widespread in this species.  Even if 
sociability is indeed a primary driver of angling vulnerability in bluegill, it remains possible that 
the selective capture of social phenotypes may apply only to the study species; currently very 
little additional work has examined the role of social behavior in driving vulnerability to capture 
(Mourier et al. 2017).  Therefore, if we are to form more concrete conclusions about the impact 
of fishing on population functioning, more investigation will be required that examines the 





Table 4-1: Summary of scoring system used for bluegill in dyadic trials for dominance.  Trials 
consisted of four five-minute observations over a two-day period.   
Tank Position
a
 5 Points – In the 
center of the tank, 
patrolling 
2.5 Points – Near 
the bottom, but not 
in a corner 
0 Points – “Skulking”, in 
a corner of the tank facing 
outwards 
Feeding 1 Point – First to 
feed 
0 Points – Not first 
to feed 
 
Aggressive Acts 2 Points – Initiated 
5 or more aggressive 
acts (bites, chases, 
gill flares, side 
displays) 
1 Point – 1 to 4 
aggressive acts 
0 Points – Zero 
aggressive acts 
Coloration 1 Point – Brighter 
overall coloration 







Table 4-2: Summary of a logistic regression model assessing the effects of fish length, 
dominance score, and time spent in the social zone on whether or not a bluegill was captured 
during angling trials. Because bluegill were assessed twice for time spent in the social zone, 
the total time spent in the social zone between both trials was used as the predictor variable.  
Significant main effects within any model are given in bold. 
 
Factor Estimate Std. Error Z p 
Fish Length (cm) -0.02 0.07 -0.33 0.74 
Dominance Score -0.03 0.02 -1.58 0.11 














Figure 4-1: Diagram of the arena used in shoaling trials.  The dashed line represents the 
transparent divider, and the cylinder of PVC piping used as a cover item for focal fish.  
One focal fish is shown on the left side of the arena, with six non-focal fish on the right 
side.  The social zone consisted of the area within 8 cm of the divider on the focal side, 
the area more than 24 cm from the divider was the antisocial zone, and the area in 
between was the neutral zone.  Time spent by the fish in the social, neutral, and antisocial 












Figure 4-2: Summary of relationship between social behavior in a shoaling test and 
angling vulnerability in bluegill.  A) Logistic regression line describing a significant effect 
of social time on capture status. Data points have been jittered to account for overlap.  B) 
Boxplot showing time spent in the social zone during shoaling trials, for captured (N=19) 













Figure 4-3: Time spent in the social zone by individual bluegill during each of the two 
shoaling trials.  Black bars/dots represent captured fish, and gray bars/dots represent 
uncaptured fish.  Overall, bluegill spent significantly more time in the social zone on the 
second trial compared to the first.  
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CHAPTER 5: FORTUNE FAVORS THE ANGRY: SOCIAL AND UNAGGRESSIVE 
BLUEGILL ARE CAPTURED EARLY AND OFTEN BY RECREATIONAL ANGLERS 
 
Introduction 
 Within populations, individuals often show consistent differences in behavioral 
characteristics.  These sets of behavioral traits, alternatively referred to as ‘behavioral 
syndromes’ (Sih et al. 2004b), ‘stress coping styles’ (Koolhaas et al. 1999), or ‘personalities’ 
(Biro and Stamps 2008) are marked by their consistency through time, and across different 
contexts.  These behavioral syndromes are composed of individual components that may be 
correlated with each other (Bell 2007), and, indeed, prior work has identified five primary axes 
of animal behavior: boldness, exploratory tendency, activity, aggression, and sociability (Reale 
et al. 2007; Conrad et al. 2011).  For species that live in groups, the aggression and sociability 
axes play a major part in defining the role of an individual within the group, and, in turn, its 
(Geffroy et al. 2014; Modlmeier et al. 2014).  For instance, highly aggressive individuals may be 
likely to assume dominant positions within social groups (Winberg et al. 1991; Dugatkin and 
Wilson 1992), while less aggressive individuals may be forced into subordinate roles where 
access to resources may be limited (Overli et al. 1999; Webster et al. 2009).  These less 
aggressive individuals may make up for this loss in fitness however by avoiding energetically 
costly confrontations with other individuals (Houston and McNamara 1988; Seebacher et al. 
2013).  In addition, non-aggressive individuals may also benefit by being more able to peacefully 
associate with conspecifics (i.e., by having higher sociability) and gaining advantages such as 
resource location and anti-predator vigilance provided by a group (Croft et al. 2003; Öst et al. 
2015).  The relative advantage of any of these social approaches is expected to vary depending 
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on environmental conditions, including abiotic conditions, population density, predator 
abundance and food availability (Dingemanse and Wolf 2010; Sih et al. 2015).  Understanding 
how these conditions may influence what behavioral characteristics are favored is therefore 
critical if we are to predict ecological and evolutionary responses to environmental change. 
 In many cases, inter-individual differences in behavior are associated with inter-
individual differences in physiology as well.  These behavior-physiology correlations have been 
heavily studied within the context of boldness behavior in that boldness has been often 
associated with high metabolic rate (Careau et al. 2008; Killen et al. 2012; Binder et al. 2016) as 
well as low glucocorticoid responsiveness to stress (Koolhaas et al. 1999; Archard et al. 2012).  
In addition to boldness, metabolic characteristics such as aerobic scope and standard metabolic 
rate have also been linked to aggression/dominance, whereas individuals possessing high 
metabolic rates were found to also be more dominant (Metcalfe et al. 1995, Killen et al. 2014).  
For fish, high metabolic rates are often linked with high capacity for swimming (Reidy et al. 
2000), which can, in turn, be linked to social behavior and/or positioning within shoals (Killen et 
al. 2017; Seebacher and Krause 2017).  If social behavior and performance are correlated within 
a species, any selective pressure favoring or disfavoring one trait will therefore lead to 
evolutionary change in the other (Dochtermann and Roff 2010; Wolf and Weissing 2012).  As a 
result, it is a priority to determine the nature of these behavior-physiology correlations, and how 
these traits may interact with environmental conditions to drive fitness outcomes for individuals.  
 One notable situation where individual survival and fitness are linked with behavioral 
and/or physiological characteristics can be found in fish species targeted by recreational or 
commercial fishing.  It is well documented that certain behavioral and physiological traits 
(particularly boldness and metabolism) can be drivers of vulnerability to capture (Cooke et al. 
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2007; Redpath et al. 2010; Lennox et al. 2017), leading to the evolution of those characteristics 
as a result of selective harvest (Uusi-Heikkila et al. 2008; Diaz Pauli and Sih 2017).  The nature 
of this selection is context-dependent in that strength of selection will vary among species and be 
dependent on the method of harvest (Diaz Pauli et al. 2015).  For instance, while individuals with 
high swimming performance (Killen et al. 2015a) or bold behavioral traits (Diaz Pauli et al. 
2015) were better able to escape active netting, the reverse has been found for recreational 
angling as higher metabolic rates (Cooke et al. 2007; Hessenauer et al. 2015) and bold behavior 
(Klefoth et al. 2013, 2017) have been found to increase the likelihood of capture by anglers.  
While boldness and metabolic rate have indeed been extensively studied in the context of angling 
vulnerability, the influence of social behavior on vulnerability has been far less studied (but see 
Mourier et al. 2017).  This gap in our knowledge is significant given the sweeping evolutionary 
changes that can occur if individuals with particular behavioral traits are more vulnerable to 
capture and harvest, as well as the over-arching importance of social behavior for many species 
(Krause et al. 2003; Uusi-Heikkila et al. 2008).  In addition, the potential for angling to 
selectively capture individuals based on their swimming performance has never been assessed, 
even though fisheries-induced evolutionary changes in swimming performance could have major 
impacts on population fitness (Beecham et al. 2007; Mee et al. 2011).  Exploring the 
relationships between these characteristics, and how they relate to angling vulnerability, will 
therefore provide significant insights into the potential evolutionary impacts of selective harvest. 
 In order to examine links between angling vulnerability, swimming performance, and 
social behavior, I conducted a study in bluegill, Lepomis macrochirus.  This species was chosen 
because it is among the most popular targets of recreational anglers in North America (Gaeta et 
al. 2013), is a relatively social species that tends to congregate in groups (McCartt et al. 1997), 
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and its relatively small size lends itself well to laboratory studies of behavior and physiology.  In 
addition, results from Chapter 4 indicated that social behavior may be critical in driving angling 
vulnerability in this species.  However, that chapter did not assess any potential physiological 
correlates of sociability, nor did it assess bluegill sociability and aggression in a group setting, 
which is more reflective of their generally gregarious behavior in the wild (McCartt et al. 1997).  
To evaluate these behavioral traits in bluegill, groups of focal individuals were loaded together 
into a behavioral arena, and their sociability and aggression was subsequently evaluated within 
the framework of Social Network Analysis (Krause et al. 2003; Croft et al. 2005; Wilson et al. 
2014).  Fish were also assessed for individual swimming performance in a Brett-style swim 
tunnel (Brett 1964) before being angled in a naturalistic pond setting.  The goals of this chapter 
were threefold: 1) To examine relationships between sociability and aggression in bluegill, 2) To 
determine if swimming performance is linked with social behavior in this species, and 3) To 
identify whether any of these characteristics are associated with angling vulnerability. The 
findings from this chapter will advance our knowledge of how behavior and physiology drives 
capture vulnerability in sportfish, and allow for novel insights regarding the impacts of selective 
harvest on exploited populations. 
 
Methods 
Study Animals and Holding 
 On 5 April, 2017, 164 bluegill (total length range = 14.3 - 19.3 cm, mean total length ± 
standard error of the mean, S.E.M. = 16.6 ± 0.1 cm; weight range 57.5 – 152.6 g, mean weight ± 
S.E.M. = 93.3 ± 1.7 g) were delivered from Jake Wolf Fish Hatchery, Topeka, IL, USA to the 
Illinois Natural History Survey’s Aquatic Research Facility in Champaign, IL, USA.  The facility 
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consists of a wet laboratory, outdoor fish-holding tanks, as well as a series of 24 earthen bottom 
ponds ranging in total area from 0.04 – 0.12 ha.  Upon arrival at the facility, bluegill were 
implanted with a 0.8 mm Passive Integrated Transponder tag (PIT, Biomark®, Boise, ID) for 
individual identification, and stocked into one of ten circular 1135 L plastic, holding tanks at a 
density of 15-17 bluegill per tank.  Each holding tank was part of a flow-through system that 
continuously drew fresh water from an adjacent pond at a rate of ~8 full water exchanges per 
day, and water passively drained back to the pond.  Every day during holding, fish were fed 
frozen bloodworms (Chironomidae) acquired from a local pet store, rationed to provide ~5% of 
the average fish’s body weight per day. 
 
Social Behavior Assay 
 Assessment of social behavior took place ~4 weeks after bluegill arrived at the facility, 
between 1 May, 2017 and continuing through 21 May, 2017.  A total of 120 fish were assessed 
for social behavior.  This assessment took place in one of five 565 L rectangular polyethylene 
stock tanks (hereafter ‘arenas’, 181 cm long × 65 cm wide) filled with pond water to a depth of 
25 cm.  Water temperatures were kept near 18º C for the duration of the experiment, with 
dissolved oxygen saturation maintained above 90% using a Pentair Sweetwater
TM
 air compressor 
connected via tubing to an immersed air stone.  A total of four sets of behavioral assays were 
conducted, with 5 groups of 6 fish (hereafter referred to as ‘shoals’) assayed within each set.   
On the day before the first set of behavioral assessments, 30 fish were collected from the 
outdoor holding tanks and tagged for on-camera identification with two circular plastic buttons 
(1.4 cm diameter, 0.1 cm thickness) in one of six colors (black, green, red, orange, yellow, or 
white), attached to dorsal spines using 22 gauge art wire in a fashion similar to Wilson et al. 
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(2014).  The buttons allowed for the differentiation of fish during subsequent behavioral scoring, 
and pilot trials conducted prior to experimentation demonstrated that the tags had minimal 
impact on swimming behavior.  Following tagging, fish were loaded into behavioral arenas at a 
density of 6 fish per arena, with each fish within a shoal having a different colored button.  Fish 
within each shoal were taken from separate holding tanks to prevent fish interactions from being 
impacted by familiarity (Keller et al. 2017; Trapp and Bell 2017).  In addition, bluegill within 
each shoal were size matched such that the largest fish in each shoal was no more than 1 cm 
greater in total length than the smallest fish (approximately 7 % difference in size, depending on 
the mean size of fish in the shoal); previous research on the congeneric pumpkinseed Lepomis 
gibbosus demonstrated that differences in size of this degree are unlikely to impact the direction 
of aggressive interactions among fish (Beacham 1988).  Following tagging, bluegill were 
allowed to acclimate overnight in the arena before the first social behavior observation took 
place the following morning (Jacoby et al. 2014). 
Evaluation of social behavior consisted of once daily observations over the course of 
three consecutive days conducted between 8:30 and 11:30 AM.  Immediately prior to the outset 
of observations, two GoPro
TM 
Hero 3 cameras were mounted over the arenas, and the air stone in 
the tank was removed to prevent bubbles from shielding fish from the view of the cameras.  
When videos were later scored for behavior, the first 30 min was discarded as an acclimation 
period, with behaviors scored during the following 30 min.  This 30 min trial period has been 
shown previously to be a sufficient duration to quantify social behavior (Morrell et al. 2008; 
Dyer et al. 2009).  At the conclusion of the 30-minute observation period on the first and second 
day, cameras were removed, the air stone was replaced, and fish were fed with bloodworms 
corresponding to ~5% body weight per fish.  Following the third day of observations, bluegill 
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were quickly netted from the arena, had their dorsal fin tags carefully removed, and were placed 
into one of two 1135 L indoor holding tanks featuring identical water conditions to the 
behavioral arenas prior to assessment of swimming performance (see below), at a density of 15 
fish per tank.  This entire process was repeated for three additional sets, until a total of 20 shoals 
(120 bluegill) were assayed for social behavior. 
 
Scoring and Extraction of Individual Social Network Metrics 
 Scoring of behavioral trials took place after the conclusion of all aspects of the 
experiment and was performed only by myself to ensure consistency.  Scoring consisted of the 
construction of both associative and aggression interaction matrices to quantify social behavior 
in each shoal, following previously established methods (Canon Jones et al. 2011).  To compile 
these data, the location of each fish within the behavioral arena was noted at 1-minute intervals 
within the 30-minute observation, for a total of 30 observation points.  If the end of the snout of 
one fish was within 1 body length of another fish, the two fish were considered to be interacting 
with each other (Keller et al. 2017). The standard of 1 body length was determined a priori based 
on observations from a series of pilot trials, where roughly 1 body length was a radius where fish 
either engaged in aggression, or continued to remain in proximity until disturbed by other fish.  
In the event of an interaction pattern featuring more than two fish (i.e. fish A associating with 
fish B, which was associating with fish C), all individuals were considered to be associating with 
each other for the purpose of scoring (Croft et al. 2011; Williams et al. 2017).  A total of 90 
observations were scored over the three days of trials for each shoal, with the final associative 
matrix for each shoal being pooled from all observation days (Büttner et al. 2015). 
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 For the construction of aggression matrices to define dominant and submissive fish 
within each shoal, every aggressive act (bites, charges, chases) throughout the entire 30 min 
observation (not only at observation points) that forced the recipient fish to displace itself by at 
least 1 body length was tallied, as was the act’s initiator and recipient (Cañon Jones et al. 2011).  
Following scoring of the three days of trials, aggression matrices, including the compiled number 
of aggressive acts from each fish towards each of the other 5 fish, were constructed for each 
shoal. 
 Analysis of all associative and aggression matrices was conducted using UCInet 
software, version 6.646 (Borgatti et al. 2002).  An associative matrix for each shoal was 
weighted by the number of observation points in which each pair of individuals were found to be 
associating (Silk et al. 2015).  These matrices were also used to determine each fish’s “weighted 
degree” within a shoal, a measure of the overall sociability of each fish (Sih et al. 2009, Cañon 
Jones et al. 2011).  For this metric, fish with a higher weighted degree had more total 
associations with a larger number of shoal mates, and were considered to be more social 
individuals, relative to individuals with a lower weighted degree.  Aggression matrices, on the 
other hand, were directional, taking into account the initiator and recipient of each aggressive 
act.  These matrices were used to compute “indegree centrality” and “outdegree centrality” for 
each fish.  Briefly, out-degree centrality is a measure of aggression, whereby individuals with 
high outdegree centrality directed a large number of aggressive attacks towards shoalmates, 
while receiving relatively few.  Inversely, high values of indegree centrality indicate being 
frequently attacked by shoalmates in combination with very few instances of initiating 
aggressive acts (Cañon Jones et al. 2010).  Because measures of social behavior for each 
individual are not independent, and are impacted by the social behavior of the surrounding 
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individuals in that shoal (Croft et al. 2011; Magnhagen 2012), I normalized weighted degree, 
indegree centrality, and outdegree centrality for each fish by dividing individual values by the 
mean value for that shoal, as shoals varied significantly in their cohesiveness and in frequency of 
aggressive interactions.   
 
Assessment of Swimming Performance 
 Swimming performance of bluegill was conducted in the 2 days following the conclusion 
of the social behavior assay, using a Brett-style swim tunnel (Brett 1964, Reidy et al. 2000, 
Tierney 2011).  Velocity in the swim tunnel could be adjusted with  Food was withheld from fish 
for 2 days prior to the swim performance test to ensure that performance differences between 
fish were not impacted by differential energetic demands induced by the digestion of food (Pang 
et al. 2010; Rouleau et al. 2010).  The chamber within the swim tunnel where fish were placed 
for assessment was 45 cm long, with a cross-sectional area of 209 cm
2
.  Water temperature was 
maintained between 17-18º C using a TK-500 Heater-Chiller (Teco®, Ravenna, Italy) and 
oxygen saturation was kept near 100% with an air compressor and air stone.   
 Swimming performance, defined as the fish’s critical swimming speed, Ucrit, was 
evaluated for 15 fish each day following behavioral trials for each set of fish, such that all 
evaluations for all 30 fish in each set were completed over two days.  For each trial, a single fish 
was quickly netted from its holding tank, PIT-identified, measured for total length, and placed 
within the chamber of the swim tunnel where it was initially forced to swim at a speed equal to 1 
body length per second for 5 minutes to acclimate (Plaut 2001), after which time water velocity 
within the tunnel was increased by 0.5 body lengths per second every 5 minutes (hereafter, 
referred to as steps) until the fish reached the failure threshold and could no longer sustain 
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swimming (Castro-Santos 2011).  While the length of time for each step before increasing the 
speed in the tunnel is shorter than in some prior studies of salmonids (Gregory and Wood 1998; 
Reidy et al. 2000), I argue that a shorter step time was more ecologically relevant given the fact 
that bluegill do not usually occupy areas such as fast-flowing streams, or engage in long distance 
swimming or migration that require long-term endurance (Jones et al. 2007).  Each bluegill was 
considered to have reached the failure threshold when it was pushed by the current to the back of 
the chamber and its caudal fin was in contact with the rear grate of the chamber for a period of 4 
s (Prenosil et al. 2016).  When failure was reached before the end of a 5-minute step, Ucrit was 
calculated according to the following equation (Brett 1964): 
Ucrit = u1 + (t1/t2 × u2) 
where u1 is the highest speed (in cm/s) that a fish could sustain for the full 5-minute step, u2 is 
the speed at which failure was reached, t1 is the time swam within the step where failure was 
reached, and t2 is the total time of each step (5 minutes).  Upon failure, each bluegill was 
removed from the swim tunnel, weighed, and temporarily placed in a separate holding tank 
before being stocked into the 0.04 ha angling pond (see below).  A total of 119 fish were stocked 




 Angling trials were conducted in a single 0.04 ha angling pond and consisted of a series 
of nine angling sessions conducted over two weeks.  The angling pond featured natural 
macrophyte cover and macroinvertebrate forage items and was also stocked with juvenile 
mosquitofish Gambusia spp. to serve as additional forage.  Angling was conducted daily from 6 
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June to 10 June, and again from 12 June to 15 June, 2017.  Each angling day included a single 
session that was conducted either in the morning (8:00 AM) midday (12:00 PM) or evening 
(4:00 PM) as determined by random selection.  Each session was standardized to 45 total casts 
that, depending on the number of fish caught in the session, took between 45 min and 1 h to 
complete.  All angling sessions were carried out by a single experienced angler who 
systematically moved around the entire perimeter of the pond during each session, and casted in 
a way to ensure that all areas of the pond were targeted.  Gear consisted of a light-action 
spinning rod spooled with 1.8 kg test Berkely Trilene
TM
 monofilament fishing line, commonly 
used by bluegill anglers.  The lure used was a simple size 8 Gamakatsu® J-hook baited with a 
live waxworm Galleria spp. suspended in the water 1-1.5 m below the surface with a stationary 
slip bobber.  Strikes were detected by watching the slip bobber on the surface and setting the 
hook when the bobber was pulled beneath the surface by the fish, a common practice for 
capturing bluegill.  If no strike was detected within 1 min of casting the bait into the water, the 
lure was retrieved and subsequently casted into another location in the pond.  Upon capture, each 
fish was quickly identified using a hand-held PIT reader, and immediately released back into the 
pond to be potentially re-captured.  Handling time for each captured fish was under 1 min, with 
no fish showing signs of bleeding or other disturbance upon release.  The angling pond was 
drained approximately one month after the conclusion of angling trials on 17 July, and 107 
bluegill were recovered. 
 
Statistical Analysis 
While normalized social network metrics were calculated for all 120 fish, analyses 
relevant to vulnerability to angling were performed only on the 107 fish recovered from the 
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angling pond.  To reduce the social network data to functional components and eliminate issues 
of multicollinearity (Scheiner and Gurevitch 2001; Graham 2003), principal components analysis 
(PCA), based on the correlation matrix, was performed on the three measures of social behavior 
(weighted degree, indegree centrality, outdegree centrality), following evaluation of the 
suitability of the data for factor analysis (Hair 2010) (Kaiser Meyer Olkin Test of Sampling 
Adequacy = 0.573, Bartlett’s Test of Sphericity, p < 0.001).  Varimax-rotated components with 
eigenvalues greater than 1 were retained based on the maximum likelihood solution (Kaiser 
1960).  Pearson Correlations were performed to determine if Ucrit or fish length was associated 
with extracted social metrics.   
 Three separate models were used to assess links between social behavior, swimming 
performance, and three different aspects of angling vulnerability: (1) whether a fish was captured 
at least once during angling trials, (2) whether a fish was captured multiple times during angling 
trials, and (3) whether a fish was among the first to be captured.  To assess vulnerability based on 
the first aspect, a binary logistic regression with capture status (yes or no) as the dependent 
variable and all extracted social PC’s, fish length and Ucrit as explanatory variables was 
performed.  The same statistical approach was then repeated to evaluate vulnerability based on 
the second aspect using the same explanatory variables listed above, and whether a fish was 
captured more than once (yes or no) as the binary response variable.  For the third aspect, a zero-
truncated negative binomial regression model was constructed with the session in which a fish 
was first captured as a dependent count variable, and Ucrit, fish length, and all extracted social 
PC’s as explanatory variables.  This modeling approach accounts for overdispersion of data, as 
well as the fact that there was no session 0 during which fish could be captured (Zuur et al. 
2010).  Only fish that were captured at least once were included in this third analysis, with 
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uncaptured fish excluded.  In addition to analyses examining individual characteristics, I also ran 
a separate zero-truncated negative binomial regression that included session number as the 
explanatory variable and the number of captured bluegill in each session as the dependent 
variable, to determine if catch rate changed over the course of the nine angling sessions. 
 All statistical analysis were performed using R Version 3.4.3, utilizing the packages 
‘VGAM’ (Yee 2010), ‘Hmisc’ (Harrell et al. 2018), MASS (Venables and Ripley 2002), and 
‘AER’ (Kleiber and Zeileis 2008).  Thresholds for statistical significance in all cases were set at 
α ≤ 0.05 and all data are reported as means ± S.E.M. where appropriate. 
 
Results 
Bluegill shoals consisted of individuals with highly discrete social positioning, whereby 
certain individuals were highly aggressive, while others were submissive.  On average, the two 
most aggressive fish within each shoal (as indicated by higher outdegree centrality) accounted 
for 68% of the total aggressive acts over the three days of trials, while the remaining four fish in 
a shoal combined for only 32% of aggressive acts.  Following principal components analysis on 
the three behavioral metrics, only a single component (hereafter, the ‘social score’) was 
extracted.  The social score was positively loaded for indegree centrality and weighted degree, 
and negatively loaded for outdegree centrality and accounted for 68.4% of the total behavioral 
data variance (Table 5-1).  Individuals with high outdegree centrality had low indegree centrality 
and low weighted degree, indicating that more aggressive individuals received fewer attacks and 
spent less time associating with other individuals.  
Among the 107 bluegill recovered from the angling pond, Ucrit ranged from 33.8 - 79.3 
cm s
-1
, with a mean of 57.5 ± 0.9 cm s
-1
.  Neither social score (r = -0.086, df = 105, p = 0.37) nor 
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fish length (r = -0.084, df = 105, p = 0.38) were related to Ucrit, suggesting that swimming 
performance was likely not a driver of social rank in bluegill.  Bluegill total length and social 
score were also not correlated with each other (r = 0.025, df = 105, p = 0.79), which was 
expected given that all social data were normalized to be relative to each individual’s 
shoalmates, and members of each shoal were of similar length.  
Nine angling sessions resulted in a total of 90 capture events.  Twenty-six bluegill were 
captured during session one (Figure 5-1) and capture rate declined with each subsequent session 
(z = -3.56, p < 0.001) indicating lure avoidance learning.  Of the 107 bluegill recovered 
following angling, 28 fish were uncaptured, 68 fish were captured once, and 11 fish were 
captured twice.  The first recapture of a fish occurred during session 3, and no more than 1 
recapture occurred in any subsequent session with the exception of session 7, when 7 out of the 
14 captures were recaptures of previously captured fish.   
Fish total length was the primary predictor of whether a fish was captured across all 
angling sessions (Table 5-2), with captured fish being larger than uncaptured fish.  The 
difference in size between captured and uncaptured fish was small, with the captured fish being 
approximately 0.5 cm longer than the average uncaptured fish (Figure 5-2).  Neither social score 
nor Ucrit were significant predictors of whether a fish was captured at least once (Table 5-2).  
With regards to whether a fish was captured more than once, both body size and social behavior 
emerged as significant predictors (Table 5-3).  Once again, larger fish were more likely to be 
captured twice (Figure 5-3A).  In addition, fish with a higher social score (meaning fish that were 
more social and submissive, and less aggressive) were also more likely to be captured twice 
(Figure 5-3B).   
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Social behavior also predicted vulnerability to angling as defined as being captured 
earlier relative to other fish.  The negative binomial regression that related social score, Ucrit, and 
fish length to the session when a fish was captured found social score to be a significant 
predictor of the session in which a fish was first captured, with higher scores linked to being 
captured in earlier angling sessions (Table 5-4).  Among the 79 fish that were captured at least 
once, social and submissive bluegill were likely to be captured in earlier angling sessions 
compared to asocial and aggressive bluegill (Figure 5-4).  While Ucrit was not a significant 
predictor of capture order, its effect was only marginally non-significant (p = 0.051) with a trend 




 In the present study described in this chapter, individual sociability drove vulnerability to 
angling in bluegill.  Fish with higher sociability and lower aggressiveness were more likely to be 
captured multiple times, and were more likely to be caught within the first few angling sessions.  
Animal behavior can broadly be defined across 5 behavioral axes, including boldness, 
exploratory tendency, activity, aggression, and sociability (Reale et al. 2007; Conrad et al. 2011).  
While other behavioral axes (i.e. boldness and activity) have been heavily studied in the context 
of vulnerability to fisheries capture (Olsen et al. 2012; Harkonen et al. 2014; Klefoth et al. 2017), 
studies examining links between social behavior and angling vulnerability have been scarce.  
Indeed, to my knowledge the only published study to quantify the impacts of sociability on 
vulnerability to capture in fish found that social network position did not predict angling 
vulnerability in blacktip sharks Carcharhinus melanopterus (Mourier et al. 2017).  For bluegill 
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on the other hand, individuals that were more social were the most vulnerable to capture.  With 
regards to aggression, the present results show that lower aggression is associated with high 
vulnerability in bluegill, a result that runs contrary to previous work in other fish species (e.g., 
largemouth bass, Micropterus salmoides) where results have shown that aggressive and 
(presumably) bold phenotypes are the most vulnerable (Sutter et al. 2012; Arlinghaus et al. 2016; 
Twardek et al. 2017).  The mechanism driving the relationship between angling vulnerability and 
sociability may related to the fact that social individuals are more likely to congregate in large 
groups within their environment, which likely impacts their interaction with angling lures 
(Jacoby et al. 2014; Öst et al. 2015).  While forming groups increases foraging success for 
individuals within the group (Pitcher et al. 1982), it also increases competition for food among 
group members (Kent et al. 2006; Ward et al. 2006) requiring individuals to make faster 
decisions regarding whether to feed on an available prey item (Stoner and Ottmar 2004).  This 
process may extend to fishing lures as well, causing group-living individuals to be quicker to 
strike baited hooks and lures.  Indeed, increases in fish density within small ponds have been 
shown to cause greater than expected increases in catch rates for angled fish, indicating that each 
individual fish becomes more vulnerable as density increases, possibly as a result of this 
competition (Harkonen et al. 2014).  As a result, highly social bluegill that reside in larger 
groups may be less discerning when evaluating fishing lures as a potential prey item in a highly 
competitive social context, leading to greater vulnerability.  Furthermore, because fish are aware 
of the foraging activity of fellow group members (Pitcher et al. 1982), any lure or bait that lands 
near any of the members in a group is likely to elicit a response from nearby group members, 
effectively increasing the “strike radius” for a fish in a group relative to a solitary fish.   
87 
 
Regardless of the mechanism however, the present results show that greater sociability, and 
lower aggression, is linked with greater angling vulnerability in bluegill. 
 Bluegill size was a predictor of angling vulnerability, with larger individuals being more 
likely to be captured.  In addition, larger fish were more likely to be captured multiple times. 
While size was indeed a significant predictor of vulnerability, it should be noted that the 
difference in total length between captured and uncaptured bluegill was rather small, with ~3% 
difference in total length on average between captured and uncaptured fish.  Several prior studies 
in fish have documented intraspecific size-selective harvest where larger fish are more 
vulnerable to capture by anglers in both marine (Olsen and Moland 2011; Enberg et al. 2012; 
Kokkonen et al. 2015) and freshwater (Vainikka et al. 2016; Arlinghaus et al. 2017) systems 
again with larger fish captured preferentially by anglers.  In addition, intrinsic growth rate 
(independent of absolute fish size at capture) has also been linked with increased capture 
vulnerability previously (Biro and Post 2008; Saura et al. 2010).  It is possible that the greater 
vulnerability of larger bluegill in this chapter could indeed be related to growth rate, where faster 
growers have higher feeding rates (Stamps 2007) and, as a result, are more likely to prey upon a 
baited hook.  Because the bluegill in this chapter were not aged however, and were raised in a 
natural environment where they were not separated by spawning cohort, this possibility cannot 
be proven as the larger fish could have simply been older, and not necessarily faster growers per 
se.  Alternatively, selective capture of larger bluegill in this chapter could be a product of gape 
size, where larger individuals with increased gape size are better able ingest lures, facilitating 
capture, while smaller fish may be more likely to “nibble” the bait rather than ingesting it 
completely (Alós et al. 2014).  Given the fact that total length ranges of uncaptured fish 
overlapped with those of captured fish (i.e. there didn’t appear to be a cutoff where all fish below 
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a certain total length were not captured), this appears to be an unlikely explanation for the 
present results.  Finally, because larger fish within centrarchid groups tend to assume dominance 
(Beacham 1988; Dugatkin and Ohlsen 1990), it is possible that larger bluegill were simply able 
to dominate areas of foraging space and force smaller fish to more peripheral habitats, and in 
turn were more likely to encounter baited hooks.  This behavioral explanation also seems 
unlikely though, given the fact that it was the most social and submissive, rather than the most 
aggressive, individuals that proved to be most vulnerable to angling, and also that efforts were 
made to cast lures to all areas of the pond to eliminate habitat-bias in capture.  Within this 
experimental construct, it was found that larger bluegill were more vulnerable to angling, albeit 
within a relatively narrow size range. 
 Swimming performance, as measured by an individual’s critical swimming speed, was 
not associated with social dominance and was also not a significant predictor of angling 
vulnerability.  I had predicted that swimming performance would be associated with 
vulnerability and/or social behavior given that swimming performance can be a major 
determinant of social status in many species (Killen et al. 2017).  No study has investigated a 
direct association between swimming performance and angling vulnerability, but higher 
swimming performance has been linked to the ability to avoid capture via trawl netting (Killen et 
al. 2015a).  Swimming performance has been linked to angling vulnerability indirectly in that 
physiological and behavioral characteristics in fish, including aerobic scope (Reidy et al. 2000) 
and boldness (Kern et al. 2016) have been linked separately to both swimming performance and  
angling vulnerability (Redpath et al. 2010; Klefoth et al. 2017).  While these links were not 
found in this chapter, this lack of a relationship could be related to the biology of bluegill.  While 
bluegill form large aggregations around available resources, they do not typically form highly 
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structured schools that travel for long distances (McCartt et al. 1997), which would necessitate 
social structuring based on individual performance (Killen et al. 2017).  In addition, Neither 
boldness (Wilson et al. 2011) nor aerobic scope/metabolic rate (Chapter 2), two characteristics 
that have been linked with swimming per have been found to be drivers of angling vulnerability 
in bluegill, as they have for other species (Redpath et al. 2010; Klefoth et al. 2017).  In light of 
this prior work on bluegill, the present results indicating no relationship between swimming 
performance and angling vulnerability or social behavior become more understandable for this 
species.  This finding however does not preclude swimming performance as a driver (either in 
and of itself or via proxy through its correlation with another characteristic driving vulnerability) 
of angling vulnerability in other species, especially those species that form cohesive shoals 
where position is related to individual performance. 
 Results from this chapter show clear evidence for a behavioral syndrome in bluegill, 
whereby fish that spent more time associating with conspecifics were also likely to initiate fewer 
aggressive acts, while being the recipient of more aggressive acts.  This was indicated by the fact 
that all social metrics (indegree centrality, outdegree centrality, and weighted degree) loaded 
onto a single principal component describing social behavior.  A behavioral syndrome describes 
a set of behavioral tendencies that are correlated with each other across members of a population  
(Bell 2007).  While a behavioral syndrome linking sociability and aggression are often predicted, 
it should be noted that prior studies have differed as to whether this relationship is positive or 
negative.  While some work has shown that more social individuals tend to be less aggressive 
(Pruitt and Riechert 2011; Geffroy et al. 2014), the opposite result has also been found whereby 
more social individuals were more aggressive (Kralj-Fiser et al. 2010; Laskowski and Bell 
2014).  Even within bluegill, prior work found no correlation between sociability and aggression 
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(Chapter 4), a finding that runs in contrast to the present results, but this discrepancy could 
simply be the result of differences in experimental design.  More specifically, in Chapter 4 
bluegill were assessed for sociability based on their willingness to associate with a shoal of 
conspecifics across a transparent divider, and dominance/aggression in a dyadic trial.  Because of 
that, it is possible that individuals that were aggressive intrinsically may have been scored as 
submissive if they happened to be paired with another more aggressive individual (Beacham 
1988; Vindas et al. 2014), which would have skewed measurement of aggression and in turn the 
relationship between aggression and sociability.  This was done intentionally in chapter 4, in 
order to evaluate social interactions without the confounding influence of additional fish.  In this 
chapter, groups of six bluegills were allowed to interact with each other, and establish social 
dominance in a hierarchical fashion, which better reflects the nature of centrarchid social 
relationships in the wild (Howard 1974; Dugatkin and Wilson 1992).  In this chapter a behavioral 
syndrome negatively linking aggression and sociability was found with some individuals 
occupying positions close to other fish, while more aggressive individuals remained solitary and 
attacked conspecifics that approached. 
 In many studies of links between behavior and angling vulnerability, a prediction is made 
that angling will select against bold and aggressive individuals, leading to an evolutionary shift 
towards timidity.   For instance, it has often been found that bolder (Klefoth et al. 2013, 2017; 
Harkonen et al. 2014; Alós et al. 2016) and/or more aggressive (Cooke et al. 2007; Sutter et al. 
2012) individuals are more likely to strike lures and be captured.  This has led to the prediction 
that a population-level “timidity syndrome” will be the result of extensive fishing efforts, with 
shyer (i.e. less bold) phenotypes that can better avoid capture predominating (Arlinghaus et al. 
2016).  In contrast to this prediction, the present results show that, for bluegill, it is the less 
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aggressive/more social individuals that are more vulnerable to angling.  This finding is consistent 
with previous results in bluegill (Chapter 2), further demonstrating the importance of individual 
sociability in driving angling vulnerability for this species.  Furthermore, Wilson et al. (2011) 
found that angled bluegill were shyer than those seined from the same location, indicating that 
bold and aggressive individuals are not more vulnerable to angling.  In light of these results, I 
question whether a “timidity syndrome” will be the outcome of angling selection across all 
species and situations.  For some species, boldness and aggression may indeed drive angling 
vulnerability, while for others (such as bluegill) these traits may be negatively associated with 
vulnerability.  
 Results from this chapter have important implications with regards to how angling can 
evolutionarily impact fish populations.  The present results show that both sociability and size, 
two heritable characteristics in animals (Charmantier et al. 2007; Biro and Post 2008; Wark et al. 
2011), may be under selective pressure in angled bluegill populations.  With regards to size, an 
abundance of prior work has examined the evolutionary downsizing of fish populations due to 
selective harvest (Edeline et al. 2007; Nussle et al. 2009; Kuparinen and Festa-Bianchet 2016).  
This process can lead to a host of ecological and economic impacts as fisheries yields decrease 
and food webs/trophic dynamics are altered by downsizing of exploited species (Jorgensen et al. 
2007).  Independent of size, the selective harvest of individuals with particular behavioral traits 
also has the potential to drastically alter the ecology of exploited species (Uusi-Heikkila et al. 
2008; Diaz Pauli and Sih 2017).  For bluegill, sociability was found to be positively associated 
with higher angling vulnerability, and as a result the mean level of sociability in exploited 
populations could decrease, while mean aggression could increase.  This increase could, in turn, 
be associated with changes in additional linked behavioral and physiological characteristics 
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(Metcalfe et al. 1995, Wolf and Weissing 2012).  While it is possible that fish could plastically 
respond to this selection, with remaining individuals becoming more social to replace harvested 
individuals (Magnhagen 2012), previous work has also shown that type of response is not 
guaranteed, and that removal of these social phenotypes can have major cascading impacts on 
group function (Vital and Martins 2011, 2013).  For example, because shoaling behavior is 
critical to predator avoidance at early life stages (McCartt et al. 1997), the reduction of bluegill 
sociability would lead to reduced shoaling and would, therefore,  increase mortality rates through 
predation.  It should be noted here, however, that while studies of FIE tend to focus on the 
negative fitness outcomes of selection, not all impacts may be negative.  For instance, angling 
selection in bluegill is expected to favor more aggressive phenotypes, which may be more 
effective at defending territory and access to resources (Colgan and Brown 1988; Rodgers et al. 
2013).  Given that the fitness advantages of particular behavioral types are largely determined by 
the environment (Dingemanse et al. 2004; Brown et al. 2005), the determination of “net” fitness 
outcomes for less social and more aggressive bluegill populations as a result of intensive angling 
may therefore be dependent on a complex set of environmental characteristics, with different 
outcomes under different circumstances. 
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TABLES AND FIGURES 
Table 5-1: Factor Loadings derived from principal components analysis (PCA) on the three 
social network metrics extracted from sociability trials in bluegill.  Only a single component was 
extracted that included significant loadings for all three metrics, this component is hereafter 
referred to as the “social score”. 
 
 
Factor PC1 Loading 
Indegree Centrality 0.917 
Outdegree Centrality -0.806 
Weighted Degree 0.749 
Eigenvalue 2.052 
% Variance Explained 68.4% 
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Table 5-2: Output from binary logistic regression assessing whether social score, fish total 
length, or swimming performance (as defined by the critical swimming speed, Ucrit) predicted 
whether or not a bluegill was captured over nine days of angling trials.  Significant main effect is 




Factor Estimate Std. Error Z Value p 
Intercept 10.89 4.76 2.28 0.02 
Social Score 0.02 0.23 0.12 0.90 
Fish Total Length (cm) -0.57 0.25 -2.25 0.02 
Ucrit (cm s
-1
) 0.03 0.02 1.57 0.11 
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Table 5-3: Output from binary logistic regression model assessing whether social score, fish 
length, or swimming performance (as defined by the critical swimming speed, Ucrit) predicted 
whether or not a bluegill was captured multiple times over nine days of angling trials.  





Factor Estimate Std. Error Z Value p 
Intercept -21.75 7.93 -2.70 0.006 
Social Score 0.86 0.40 2.16 0.03 
Fish Total Length (cm) 0.88 0.39 2.24 0.02 
Ucrit (cm s
-1
) 0.06 0.04 1.67 0.09 
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Table 5-4: Main effects output from zero-truncated, negative binomial regression assessing the 
effects of social behavior, size (total length), and swimming performance on which of the 9 
angling sessions saw a bluegill captured by a recreational angler.  Data are only included from 
the N=79 fish that were captured at least once.  The significant main effect from the model is 
given in bold. 
 
  
Factor Estimate Std. Error Z Value p 
Social Score 0.02 0.09 2.24 0.02 
Total Length (cm) -0.06 0.10 -0.61 0.49 
Ucrit (cm s
-1




Figure 5-1: Number of bluegill captured by a recreation angler across 9 angling sessions.  Total 
captures for each session includes captures of fish for the first time, as well as recaptures (1 
recapture in sessions 3, 4, 5, and 9, 7 recaptures in session 7).  The number of fish captured 








Figure 5-2: Total Length (in cm) of bluegill for fish that were captured (N = 79) and were not 
captured (N = 28) during angling trials.  Bluegill total length was a significant predictor of 







Figure 5-3: A) Total length (in cm) and B) Social score for N = 107 bluegill that were captured 
twice (N= 11) or once (N= 96) during angling trials.  Both fish total length and social score 
(higher sociability and lower aggression) were significant predictors of if a bluegill was captured 






Figure 5-4: Relationship social score (see Table 1 for detailed explanation of how social score 
was derived) and the session in which a bluegill was captured (N=79 bluegill).  Individuals with 
a high social score were highly social and unaggressive, while individuals with low social scores 
were asocial and aggressive.  Each dot represents an individual fish.  For fish captured multiple 
times, only the session of first capture is shown.  Individuals with a high social score were likely 





CHAPTER 6: QUICK LEARNING, QUICK CAPTURE: LARGEMOUTH BASS THAT 
RAPIDLY LEARN AN ASSOCIATION TASK ARE MORE LIKELY TO BE 
CAPTURED BY RECREATIONAL ANGLERS. 
Introduction 
 Within species, individuals often show consistent differences in their behavioral 
responses to the environment.  These suites of individual characteristics, which are often referred 
to as “behavioral types” (Bell 2007), “personalities” (Duckworth 2010), or “coping styles” 
(Koolhaas et al. 1999, 2007), are often presented as a continuum of behavioral responses to 
environmental stimuli.  Some individuals are described as “proactive” because they exhibit bold 
and aggressive behavior in response to a stimulus, while others are described as “reactive” 
individuals because they are shyer and more passive (Benus et al. 1991; Overli et al. 2004).  
These coping styles are often associated with differences in key life history characteristics, 
whereby proactive individuals often feature faster growth and greater fecundity (Stamps 2007, 
Biro and Stamps 2008).  Individual differences in behavior are often revealed when an individual 
faces a threatening situation, whereby proactive individuals tend towards a “fight or flight” 
response, while reactive individuals are more likely to freeze and remain immobile until the 
threat passes (Koolhaas et al. 1999, 2007).  An individual’s coping style has a major impact on 
how it responds to environmental change, with reactive individuals typically being more flexible 
in their behavioral response to environmental shifts (de Lourdes Ruiz-Gomez et al. 2011; Stamps 
2016). Particular coping styles, therefore, can be expected to be favored depending on 
environmental conditions, and, indeed, environmental diversity has been posited as a key factor 




 In addition to differing in their behavioral traits, individuals also may differ in cognitive 
characteristics related to learning and problem solving.  Variation in a generalized intelligence 
factor among individuals have been long described in humans (Deary and Caryl 1997; Duncan et 
al. 2000), though exactly how to measure intelligence and cognitive performance has long been 
controversial (Sternberg 2000).  In non-human animals, generalized differences in cognitive 
performance have also been shown, where certain individuals consistently perform better on a 
variety of tasks related to problem solving and learning (Anderson 1993; Matzel and Kolata 
2010; Shaw et al. 2015).  In recent years however, a new framework has been posited where 
performance on cognitive tasks is not based on general intelligence, but rather based on 
alternative approaches to the solving of novel problems.  These alternative approaches, termed 
‘cognitive syndromes’, are often related within individuals to their coping style (Sih and Del 
Giudice 2012).  Within this framework, “fast” individuals are likely to be proactive behaviorally 
and are expected to fearlessly approach novel problems and identify solutions quickly.  “Slow” 
individuals, on the other hand, are slower to explore the novel situation, and as such do not arrive 
at a solution as rapidly.  Alternative cognitive syndromes have associated tradeoffs: while fast 
individuals find solutions to novel tasks quickly, they are more prone to mistakes, less able to 
commit their experiences to long term memory, and show a low capacity for changing their 
behavior based on new information after the initial task has been learned (Sih and Del Giudice 
2012).  Indeed, the relationship between coping style (i.e., proactive vs. reactive) and cognitive 
syndrome (i.e., fast vs. slow) has been demonstrated in several animal taxa, including fish (Pintor 
et al. 2014; Mesquita et al. 2016; Bensky et al. 2017), insects (Udino et al. 2016), birds (Guillette 
et al. 2009, 2011), and mammals (Guenther et al. 2014; Guenther and Brust 2017).  Depending 
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on the environment, these cognitive differences have the potential to greatly impact an 
individual’s fitness. 
 Inter-individual differences in behavior and cognition are especially relevant to fitness in 
environments altered by human activity.  Adequately responding to human-induced threats, 
whether they be the introduction of invasive species (Mooney and Cleland 2001; Blake and 
Gabor 2016), harvest (Kuparinen and Merila 2007; Ciuti et al. 2012), or habitat loss (Sih et al. 
2016) is essential if individuals are to survive and successfully produce offspring.  It is theorized 
that cognition plays a major role in determining survival in these habitats, with superior 
cognition being linked to the ability to adjust behavior to both avoid human threats and take 
advantage of newly presented opportunities (Dridi and Lehmann 2016; Griffin et al. 2017).  
Independent of cognitive ability, an individual’s cognitive syndrome can lead to a tradeoff that 
influences survival in the face of human activity.  On one hand, bold behavior and a fast 
cognitive strategy may allow individuals to quickly explore human-impacted environments and 
take advantage of new resources (Miranda et al. 2013; Sol et al. 2013).  Conversely, this type of 
behavior may leave individuals more at risk of mortality as a result of human harvest (Ciuti et al. 
2012) or predation by introduced species (Sih et al. 2011).  Given that selective mortality of 
individuals with particular cognitive traits is expected to lead to the evolution of those traits in a 
population (Sih et al. 2011; Dridi and Lehmann 2016), furthering our understanding of how 
cognitive characteristics impacts survivorship in human-dominated landscapes is essential if we 
are to make accurate predictions regarding the response of species to environmental change. 
 A specific example in which cognitive syndromes and learning performance is linked 
with survival can be found in the case of sportfish targeted by recreational and commercial 
fishing.  The capacity for learning is well documented in fish, especially with regards to avoiding 
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predators (Chivers and Smith 1995; Manassa and McCormick 2012, 2013) and identifying 
profitable foraging patches (Franks and Marshall 2013; Trapp and Bell 2017).  This learning 
ability also extends to learned avoidance of fishing gears, including nets (Brown and Laland 
2002) as well as recreational fishing lures (Askey et al. 2006; Lennox et al. 2016).  It is also 
known that individual fish of the same species differ significantly in their capacity for learning 
(Budaev and Zhuikov 1998), which may lead to differences in overall fitness (Shohet and Watt 
2009).  In recreationally fished systems, fitness is likely linked to the ability to successfully 
avoid striking fishing lures and in turn avoid harvest or incidental mortality from hooking injury.  
While individual vulnerability to angling has been linked previously to metabolic phenotype 
(Redpath et al. 2010; Hessenauer et al. 2015), hormonal physiology (Chapter 2), and behavioral 
type/coping style (Sutter et al. 2012; Harkonen et al. 2014; Klefoth et al. 2017), the relationship 
between cognitive ability and angling vulnerability has never been examined.  This is despite the 
fact that cognitive ability and individual cognitive syndromes could well be linked to the ability 
to discern potential danger posed by fishing lures, which would lead to successful lure 
avoidance.  If selective capture of individual fish with certain cognitive characteristics is 
occurring, it would be expected that exploited populations would then evolve in response away 
from the traits associated with elevated vulnerability (Arlinghaus et al. 2016; Lennox et al. 
2017), leading to cascading effects on the behavior and ecology of these populations (Uusi-
Heikkila et al. 2008). 
 To address this gap in how cognitive characteristics are linked with vulnerability to 
capture by anglers, I conducted a study assessing learning performance, proactivity, growth, and 
angling vulnerability in largemouth bass Micropterus salmoides.  Largemouth bass are an ideal 
species for addressing this question, as they are among most popular sportfish species in North 
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America, have been stocked extensively to support recreational fisheries, and have also been a 
frequent subject for studies examining inter-individual differences in angling vulnerability 
(Philipp et al. 2002; Gaeta et al. 2013).  For this chapter, all fish were first subjected to an active-
avoidance protocol (Yue et al. 2004; Morin et al. 2013) to define learning performance, then 
tested in an out-of-water restraint test intended to quantify each fish’s proactivity.  Finally, all 
fish were stocked into a single naturalistic pond and angled over the course of 10 days, allowing 
learning performance and proactivity scores to be related to angling capture.  I anticipated two 
alternative outcomes regarding learning performance and angling vulnerability.  On one hand, 
high performance on the learning task would reflect a high level of generalized cognitive ability 
(Matzel and Kolata 2010; Shaw et al. 2015) that would allow individuals to avoid capture.  
Alternatively, high performance on the learning task would be indicative of a fast cognitive 
syndrome that would be linked to a higher propensity to be captured (Sih and Del Giudice 2012; 
Guenther and Brust 2017).  Under this construct, rapid learning might also be associated with 
higher levels of proactivity, as assessed in this chapter by the restraint test (Hau et al. 2015; 
Bensky et al. 2017).  Regardless of the outcome, the data provided in this chapter is the first to 
quantify how cognitive performance specifically relates to vulnerability to capture in recreational 
angling and will allow for novel conclusions with regards to the evolution of behavior as a result 
of selective harvest. 
 
Methods 
Study Fish and Holding 
 Largemouth bass used in this chapter were acquired from Keystone Fish Hatchery in 
Richmond, IL on 10 May, 2017, and transported to the Illinois Natural History Survey’s (INHS) 
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Aquatic Research Facility in Champaign, Illinois.  The INHS facility consists of a wet laboratory 
as well as a series of naturalistic ponds ranging from 0.04-0.12 ha in area, each containing 
natural macrophyte cover items as well as stocked fathead minnows Pimphales promelas that 
serve as forage for fish.   All largemouth bass were just over 1-year old at the time of transport, 
were members of the same cohort, and were of similar size (N = 60, mean length ± standard error 
of the mean (S.E.M.) = 181.7 ± 1.5 cm, range = 16 - 21 cm).  Prior to stocking into one of the 
0.12 ha holding ponds, all fish were tagged for individual identification with a 0.8 mm Passive 
Integrated Transponder tag (PIT; Biomark®, Boise, ID).  On 30 May, the holding pond was 
drained, and the largemouth bass used in this chapter were retrieved and placed into a series of 
1135 L circular outdoor holding tanks at a density of 20 fish per tank.  Holding tanks at the 
facility were designed with continuous flow-through recirculation system that brought a 
continuous supply of fresh water from a nearby pond into the tanks at a rate of approximately 8 
full water exchanges per day.  During this period, fish were fed daily with commercial pelleted 
food obtained from Keystone Hatchery, at a daily ration amounting to ~3% of the average fish’s 
body weight.  Fish were held in this manner until 10 July, when the first learning assessments 
took place. 
 
Active-Avoidance Learning Assessment 
 To assess learning performance in largemouth bass, an active-avoidance protocol was 
developed that was modified from previously described methods (Budaev and Zhuikov 1998; 
Yue et al. 2004; Morin et al. 2013).  All fish were tested in one of ten 117 L (81 cm long × 40 cm 
wide × 36 cm high) acrylic aquaria (hereafter, ‘arenas’), that were all connected to a recirculating 
system that drew water from a common reservoir tank.  A TK-500 Heater-Chiller (Teco ®, 
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Ravenna, Italy) and a Sweetwater
TM
 air compressor (Pentair, Florida, USA) cycled water within 
the reservoir tank, and kept water temperatures at 24ºC and dissolved oxygen saturation above 
90% in the arenas.  Each arena was divided in half along its short axis by an opaque polyethylene 
sheet that included a 10 cm diameter circular opening in its center, which allowed for shuttling 
between the sides of the arena by the fish.  Opaque plastic blinds were attached to all sides of the 
tank to prevent disturbance of the fish by the activity of the observers, however a small slit was 
cut into the blinds to allow the observer to determine the location of the fish prior to learning 
trials. 
 Successful learning of a task required fish to form an association between a conditioned 
stimulus and an unconditioned aversive stimulus, in a manner similar to previous assessments 
(Yue et al. 2004; Morin et al. 2013).  To establish this association, at the outset of each trial, an 
observer identified which side of the tank the fish was occupying, and proceeded to shine a light 
over that side of the tank using a Mag-Lite ® LED flashlight for a period of 45 s.  The light was 
then turned off for a period of 15 s, after which the observer manually chased the fish using an 
aquarium net (15 cm
2
 cross-sectional area) for a maximum period of 60 s.  Chasing of the fish 
was haphazard in nature in that the net was moved quickly around the half of the arena occupied 
by the fish in a way that wasn’t necessarily directed at the fish, and also never restricted the 
movement of the fish by pinning it against a wall of the arena.  Chasing ceased when the fish 
shuttled through the opening in the divider to the other half of the arena or when 60 s had 
elapsed.  For trials in which shuttling did not occur within 60 s the observer manually pushed the 
fish through the opening using the aquarium net.  For each trial, three possible outcomes were 
defined.  A trial was considered a ‘success’ when the fish responded to the conditioned stimulus 
by shuttling through the opening to the other side of the arena prior to the onset of chasing with 
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the net.  The trial result was defined as an ‘escape’ when the fish did not shuttle prior to the onset 
of chasing with the net but did shuttle before the end of the 60 s chasing period.  Finally, the trial 
was considered a ‘failure’ when the fish failed to shuttle before the end of the chasing period and 
had to be manually forced through the opening.   
Each fish was assessed using this methodology 10 times a day, with 5-10 min between 
trials, over the course of three days for a total of 30 learning trials.  The following nine metrics 
describing learning performance for each individual largemouth bass were then extracted from 
the outcome data: (1) the total number of successes, (2) the total number of failures, (3) the 
number of trials until the first escape, (4) the number of trials until the last failure, (5) the number 
of trials until the first success, (6) the number of trials until the fish succeeded twice 
consecutively, (7) the number of trials until the fish succeeded three times consecutively, (8) the 
maximum number of successes within a single day, and (9) the maximum streak of successful 
trials (including overlaps between testing days).  All 60 largemouth bass received learning 
assessment trials between 10 July and 28 July, and were returned to their outdoor holding tank at 
the conclusion of the learning assessment. 
 
Restraint test 
 Following the assessment of learning performance, all largemouth bass were assessed for 
proactivity using a single out-of-water restraint test, performed in congruence with prior work 
(Mota Silva et al. 2010; Castanheira et al. 2013).  Twenty largemouth bass were tested each day 
over three testing days, beginning on 31 July and ending on 2 August.  On the day before each 
proactivity assessment, twenty fish were each isolated in one half of the behavioral arenas 
described above, which were modified so that the divider between the halves of the arena 
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included no openings for shuttling.  For the trial, each largemouth bass was first quickly netted 
from its holding tank and held out of water in a 30 L plastic container lined with wet towels, 
where it remained for a period of 3 minutes.  Three metrics describing the fish’s behavior during 
the test were then described: (1) the total number of jumps, defined as the fish fully displacing its 
body above the bottom of the container; (2) the time elapsed prior to the fish jumping for the first 
time, and (3) the time elapsed prior to the fish jumped for the last time.  This assessment was 
used as a test of each fish’s proactivity where more proactive fish would be expected to begin 
jumping earlier, more frequently and for a longer period of time (Mota Silva et al. 2010; 
Castanheira et al. 2013).  Following the conclusion of the test, each fish was returned to an 
outdoor holding tank. 
 
Angling Trials 
 On 5 August, all largemouth bass were stocked into a single 0.04 ha angling pond, which 
contained natural cover and stocked forage items as described above.  Angling trials consisted of 
a series of nine daily angling sessions over the course of 10 days, starting on 14 August and 
ending on 24 August (no angling was performed on 17 August).  Each session was 45 min in 
length, and during that time a single angler moved around the perimeter of the pond so as to 
make casts targeting all areas of the pond.  Angling gear consisted of a medium-action spinning 
rod spooled with 2.7 kg Berkely Trilene
TM
 monofilament fishing line.  Three different lures were 
used for this chapter: a size 0 Mepps ® Agila in-line spinnerbait, a Gary Yamamoto® 7.6 cm 
cream-white plastic worm rigged “wacky style” on a Gamakatsu® Size 6 circle hook, and a third 
plastic worm setup identical to the previous except that the worm was watermelon green in 
coloration.  Only a single lure was used within each angling session.  For the first six sessions the 
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spinnerbait and white plastic worm were alternated such that the spinnerbait was fished in the 
first, third and fifth sessions and the white plastic worm in the second, fourth and sixth.  After 
these six sessions ended with relatively few captures, the final three sessions were fished with the 
green plastic worm.  Upon capture, each largemouth bass was dehooked, quickly identified using 
a hand-held PIT reader, and returned to the pond within 1 min to be potentially re-captured.  No 
largemouth bass were “deep-hooked” in the gills or gullet during the study, and all fish swam 
away vigorously upon release.  Angling trials ended on 23 August, and all 60 fish were 
recovered when the pond was subsequently drained on 24 August. 
 
Statistical Analysis 
 After determination that the data were suitable (Kaiser-Meyer-Olkin Test Score = 0.767; 
Bartlett’s Test of Sphericity, p < 0.001), Principal Components Analysis (PCA) based on the 
correlation matrix was performed to reduce all nine metrics from the active-avoidance learning 
assessment and proactivity assessment to relevant components.  Following this analysis, 
varimax-rotated components with eigenvalues over one were extracted, based on the maximum 
likelihood solution (Kaiser 1960).  Within each component, metrics with factor loadings ≥ 0.4 
were considered significant drivers of that component (Kaiser 1960; King et al. 2016).   
Following extraction of learning and proactivity components, I was then interested in 
whether growth rate was associated with learning performance and/or proactivity.  To examine 
this, separate linear regressions were performed to determine if fish length was associated with 
any extracted components from the learning and restraint assessments.  Because all fish used in 
this chapter were from the same spawning cohort and identical in age (Keystone Fish Hatchery 
personnel, personal communication), I considered the length of each fish to be a direct reflection 
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of that fish’s growth rate, similar to previous work examining links between behavior and 
angling vulnerability in hatchery fish (Klefoth et al. 2017).   
To determine the relationship between extracted learning and proactivity components and 
angling vulnerability, binary logistic regression was used.  Because total length correlated 
positively with one extracted component (see results below), to avoid multicollinearity, total 
length was not included in this model.  All extracted components were included as independent 
variables, with capture status as the dependent variable in the model.  All means are shown ± 
S.E. where appropriate, and the level of significance (α) for all tests was 0.05.  All analysis were 
performed in R, version 3.4.3 (R Core Team, Vienna, Austria) utilizing the ‘psych’ package 
(Revelle 2017).   
 
Results 
 Means for all active-avoidance and restraint test metrics for captured and uncaptured fish 
are provided in Table 6-1.  Three extracted principal components describing behavior in the 
active-avoidance and restraint assessments collectively accounted for 73% of the total variation 
in the data.  The first principal component featured significant negative loadings for the total 
number of successes, the maximum number of successes within a day, and the maximum streak 
of successes (Table 6-2).  Significant positive loadings for this component included the number 
of trials until the first success, the number of trials until two consecutive successes, and the 
number of trials until three consecutive successes (Table 6-2).  Because more negative scores for 
this component represented higher levels of success, to facilitate easier interpretation the final 
‘success score’ was calculated by multiplying PC 1 scores by -1 so that highly positive success 
scores would represent highly successful learners on the active-avoidance task.  The second 
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principal component featured significant positive loadings for the total number of failures, the 
number of trials until the first escape, and the number of trials until the last failure (Table 6-2). 
This second principal component was interpreted as the ‘failure score’, with higher component 
scores representing individuals that failed more frequently and took more trials before 
successfully escaping. The third principal component featured significant positive loadings for 
the total number of jumps and the time until the last jump was performed, and a significant 
negative loading for the time taken before the first jump was performed (Table 6-2).  Scores for 
third principal component were interpreted as the ‘restraint score’ whereby individuals that 
began jumping sooner, jumped more often and longer through the trial received a higher restraint 
score. The fact that failure-related and success-related metrics were strongly segregated in their 
loadings among components demonstrates that these two aspects of behavior were not related 
(i.e. fish with more successes did not necessarily have fewer failures). Furthermore, the 
segregation of loadings for restraint test metrics on the third principle component shows that 
proactivity on this test was not related to learning performance. 
 Fish total length was significantly related to success score (Linear Regression, t = -2.14, p 
= 0.03), whereby larger fish succeeded on more trials, took fewer trials to achieve success, and 
accumulated longer streaks of successful trials in the active avoidance assessment (Figure 6-1A).  
Failure score (t = 1.18, p = 0.24) and restraint score (t = 0.9, p = 0.37) were not associated with 
the total length of largemouth bass (Figure 6-1B and C). 
 Angling trials resulted in the capture of 21 of the 60 fish in the angling pond.  Of these 21 
fish, 4 were captured multiple times for a total of 25 total capture events.  Of the three lures used, 
the green plastic worm proved to be the most effective, accounting for 17 of the 25 capture 
events, while the spinnerbait and white plastic worm accounted for 4 capture events each. 
113 
 
 Higher success scores in the active avoidance assessment were significantly associated 
with whether or not a fish was captured (Table 6-3), with captured fish having a significantly 
higher score (Student’s T-test, df = 58, p = 0.02; Figure 6-2A).  The number of trials in which a 
fish failed on the avoidance assessment, as well as the fish’s behavior during the restraint test, 
were not associated with capture (Figure 6-2B and C, Table 6-3).  The pooling of fish that were 
caught multiple times with fish caught only once was appropriate, given that largemouth bass 
that were captured multiple times did not differ from singly-captured fish for any component 
score or total length (Student’s t-test, p > 0.1 in all cases). 
 
Discussion 
The results of this chapter demonstrate a link between learning performance and angling 
vulnerability in a highly sought-after sportfish species, as fast-learning largemouth bass were 
more likely to be captured during experimental angling trials.  The success score PC was loaded 
on most heavily by the number of successful trials in the active-avoidance protocol, and captured 
fish, on average, successfully shuttled in response to the light on 5.7 trials out of 30, as opposed 
to uncaptured fish that successfully shuttled in 3.2 trials on average.  In addition to achieving 
more successes, captured fish on average required approximately 6 fewer trials to achieve their 
first success than uncaptured fish.  While the fact that faster learners were less adept at avoiding 
fishing lures may seem counterintuitive, this result is consistent with the predictions drawn from 
research examining cognitive syndromes.  Within this framework, it has been found that 
individuals that employ a fast learning strategy are quicker to initially learn a task (especially 
tasks based on movement and activity), while those employing a slow strategy may take longer 
to initially learn a task, but are superior at retaining that information and adapting to new 
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information and environmental cues (Guillette et al. 2011; Sih and Del Giudice 2012; Guenther 
et al. 2014).  Fast learning has also been linked to an individual’s behavioral characteristics, with 
proactive and bold behavior linked to initial learning speed in several animal taxa, including 
birds (Guillette et al. 2009), mammals (Guenther et al. 2014; Guenther and Brust 2017), and fish 
(DePasquale et al. 2014; Mesquita et al. 2016; Bensky et al. 2017).  This rapid learning and bold 
behavior comes at a potential cost, as individuals with these traits have been found to be more 
mistake prone (Sih and Del Giudice 2012), and also more vulnerable to predation while actively 
foraging (Sih et al. 2003, 2004a; Stamps 2007).  Recreational harvest of fish species represents a 
major predation risk, and, indeed, several studies have shown that individuals that are bolder, 
more active, and/or more exploratory are more vulnerable to hook-and-line angling (Harkonen et 
al. 2014; Alós et al. 2016; Klefoth et al. 2017), though this finding has not been unanimous 
(Wilson et al. 2011; Chapter 2).  This chapter shows that in addition to behavioral phenotype, 
cognitive learning style is highly relevant to explaining angling vulnerability in that a fast 
cognitive phenotype is more likely to investigate and strike a novel fishing lure.   
 In addition to being linked with vulnerability to angling, learning performance was also 
associated with fish size.  Success score was significantly and positively related to fish length, 
while failure score and restraint score were not.  Because all largemouth bass in this chapter were 
acquired from a hatchery, were from the same age cohort, larger fish were almost certainly faster 
growers within the cohort, meaning that a positive relationship between learning performance 
and growth rate can therefore be inferred.  Faster growth has been shown to be correlated with 
fast and proactive behavioral and physiological characteristics (Stamps 2007; Biro and Stamps 
2008, 2010).  This fast “pace of life” (Reale et al. 2010b) has recently been linked to fast 
cognitive syndromes and rapid initial learning (Sih and Del Giudice 2012).  These characteristics 
115 
 
are associated with a tradeoff that incurs higher mortality risk (Stamps 2007), a relationship that 
holds in this chapter where fast-learning/fast-growing largemouth bass were more vulnerable to 
angling.  Indeed, selection based on correlated growth and behavioral characteristics has been 
described previously in both fish (Biro and Post 2008) and commercially harvested crustaceans 
(Biro and Sampson 2015).  From a mechanistic standpoint, either behavior or growth rate could 
be the primary driver of vulnerability in fish.  On one hand, fish that make rapid decisions and 
exhibit bold behavior may be more likely to approach and strike a fishing lure (Klefoth et al. 
2013).  Alternatively, vulnerability could be driven by growth rate via gape limitation, with 
larger-mouthed fish being better able to take the lure into their mouth while smaller fish fail to 
fully take in the lure, increasing the chances of successful hooking and landing by the angler 
(Alós et al. 2014; Klefoth et al. 2017).  The relationship between growth rate and angling 
vulnerability may also relate to metabolism and feeding, where faster growers have higher 
metabolic rates, and as such need to feed more often to fulfill their metabolic needs (Careau et al. 
2008; Biro and Stamps 2010), though this mechanism has yet to be fully studied.  These potential 
mechanisms are of course not mutually exclusive, and it is possible that both interact to increase 
the likelihood of a fish being captured.  As a result, it can be expected that fisheries selection in 
heavily fished ecosystems will affect both cognitive behavior and growth rate simultaneously. 
 In contrast to learning performance, behavior in a restraint test was not associated with 
angling vulnerability in largemouth bass.  In addition, measures of behavior derived from the 
restraint test (number of jumps, the time until the first and last jump) did not load on either of the 
learning performance components, indicating that learning and “proactivity” as defined in this 
assessment are likely not related.  This finding contrasts with previous studies demonstrating 
links between proactive behavioral traits and a fast cognitive syndrome (Sih and Del Giudice 
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2012).  In addition, several proactive behavioral and physiological traits have been found to be 
positively linked with angling vulnerability in fish.  These include low cortisol responsiveness to 
stress (Chapter 2), high metabolic rates (Redpath et al. 2010), and boldness in a behavioral assay 
(Harkonen et al. 2014; Klefoth et al. 2017).  While the present results would suggest that 
proactivity is not linked to angling vulnerability, it should be noted the restraint test used for this 
chapter is only one measurement of proactivity and that different assessments for proactivity do 
not always align with each other (Backstrom et al. 2014; Boulton et al. 2015).  For example, 
Koolhaas et al. (2007) described the behavioral response to environmental stimuli in terms of 
both ‘proactivity’ and ‘emotionality’, which describe both the approach an individual takes to a 
stimulus as well as the magnitude of the behavioral response, respectively.  In this chapter, 
largemouth bass differed in their behavioral responses during the restraint test, however these 
differences do not necessarily align with other measures typically used to measure proactivity, 
such as boldness and cortisol responsiveness, which may reflect other components of the 
individual’s coping style (Koolhaas et al. 2007).  Indeed, while Chapter 2 found that fish that 
showed a low cortisol response to air exposure were more likely to be captured, boldness in a 
behavioral assay was not related to angling vulnerability, indicating that these two components 
typically associated with proactivity are not linked.  Collectively, this means that a fish’s 
response during a restraint test may not be reflective of other aspects of proactivity, and that 
additional proactive behavioral characteristics (such as cortisol responsiveness or behavior under 
risk) are better linked with learning performance or angling vulnerability. 
 The potential selective capture of individual fish based on their cognitive, behavioral, or 
physiological characteristics is of interest to behavioral scientists and fisheries researchers alike, 
due to the possible evolutionary consequences of such selection.  This process, known as 
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fisheries-induced evolution, has been predicted by numerous modelling approaches (Kuparinen 
and Hutchings 2012; Eikeset et al. 2013; Dunlop et al. 2015), and empirically demonstrated in 
both marine (Conover et al. 2009; Hidalgo et al. 2014) and freshwater (Consuegra et al. 2005; 
Edeline et al. 2007; Philipp et al. 2009) fish species.  While life-history characteristics relevant to 
commercial harvest have been oft-studied (Jorgensen et al. 2007; Kuparinen and Merila 2007; 
Enberg et al. 2010), the potential for selection based on individual behavioral phenotype to 
evolutionarily disrupt fish behavior has been quantified as well (Sutter et al. 2012; Harkonen et 
al. 2014; Arlinghaus et al. 2016).  Cognitive abilities have been demonstrated to be heritable in 
fish (Smith et al. 2015) and based on the results of this chapter, cognitive learning characteristics 
may be under selective pressure in exploited populations, with slow learners having an 
evolutionary advantage through reduced capture.  We would expect, therefore, a population-level 
reduction in the speed of learning, which in turn would impact behaviors such as foraging and 
habitat selection that require associative learning.  However, given the current lack of empirical 
findings examining the role of cognitive traits in driving angling vulnerability in wild 
populations, relating these findings to wild populations are somewhat tenuous.  Selection 
favoring a slow cognitive strategy may be beneficial, whereby slow individuals initially take 
longer to learn a task/behavior, but are also more thorough learners with a greater ability to form 
stable memories and avoid costly mistakes (Sih and Del Giudice 2012).  This is especially 
relevant in rapidly changing environments where slow explorers/learners have been shown to be 
more flexible when environmental change occurs (Benus and Koolhaas 1987; Ruiz-Gomez et al. 
2011).  Indeed, while this chapter is related specifically to angling vulnerability in fish, human-
caused selective mortality favoring flexible phenotypes has been predicted to be beneficial in a 
variety of additional contexts, such as in the face of habitat destruction or the introduction of 
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predatory invasive species (Sih et al. 2013).  This means that, for taxa where human activity 
leads to selective mortality, we would expect that individuals with flexible behavior and a “slow” 
cognitive syndrome would be evolutionarily favored.   
 Recent work has demonstrated the existence of cognitive syndromes, whereby 
individuals consistently differ in their learning performance and approach to novel problems (Sih 
and Del Giudice 2012; Guenther and Brust 2017).  These differences are often described in terms 
of a continuum, where fast individuals show greater speed in initially learning activity-based 
tasks, while slow individuals show greater flexibility and investigate new tasks with a higher 
degree of thoroughness.  In this chapter, “fast” individuals that learned an avoidance task more 
quickly were also more likely to be captured by anglers.  This finding is, to my knowledge, the 
first to demonstrate that cognitive characteristics in fish may be under selective pressure due to 
human activity, specifically intensive fishing pressure.  In environments altered by humans, it 
has been suggested that individuals that show greater flexibility and lower activity may have an 
advantage in terms of avoiding conflict with people (Ciuti et al. 2012; Sih 2013).  Because these 
traits are often associated with a slow cognitive approach, the present results re-enforce this 
concept as slow-learning largemouth bass were better able to avoid capture.  Whether human-
induced selection based on this characteristic is widespread in nature, or applies to multiple 
targeted species, is still unknown.  Additional research involving multiple taxa impacted by 
human activity will be needed to determine how cognitive characteristics impart fitness 
advantages or disadvantages in disturbed environments. 
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TABLES AND FIGURES 
 
Table 6-1: Summary of means (± S.E.M.) of all response variables generated following active-
avoidance learning and restraint tests on largemouth bass that were captured or uncaptured 











(N = 21) 
Uncaptured  
(N = 39) 
Total Failures 2.0 (0.4) 2.5 (0.3) 
Total Successes 5.7 (0.8) 3.2 (0.6) 
Number of Trials Until First Escape 1.9 (0.3) 2.3 (0.2) 
Trials Until First Success 12.6 (1.9) 18.3 (1.7) 
Trials Until Last Failure 3.4 (0.7) 4.3 (0.6) 
Number of Trials Until Two Consecutive Successes 22.8 (1.7) 26.6 (1.0) 
Number of Trials Until Three Consecutive Successes 27.5 (0.9) 28.0 (0.8) 
Maximum Number of Successes Within a Day 3.5 (0.9) 2.1 (0.4) 
Maximum Streak of Successes 2.4 (0.4) 1.5 (0.3) 
Time Until First Jump (s) 10.7 (8.5) 2.8 (1.4) 
Total Number of Jumps 37.4 (3.4) 38.8 (1.9) 
Time Until the Last Jump (s) 126.6 (10.2) 149.6 (3.9) 
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Table 6-2: Principal Component Loadings for all metrics derived from assessments for learning 
and restraint test performance in largemouth bass.  All learning metrics are based on the outcome 
(success, escape, or failure) of 30 active-avoidance trials for each individual fish.  Restraint test 
performance was based on how often and for how long a fish continued to “jump” while being 
held in a container out of water over three minutes.  Three principal components were extracted, 
and subsequently named based on the factors which loaded most heavily on each component 









Total Successes -0.96 -0.14 0.00 
First Success 0.71 0.30 0.17 
Number of Trials Until Two 
Consecutive Successes 
0.85 0.06 0.11 
Number of Trials Until Three 
Consecutive Successes 
0.83 -0.10 0.01 
Maximum Number of Successes 
Within a Day 
-0.96 -0.04 0.01 
Maximum Streak of Successes -0.90 -0.01 0.02 
Total Failures 0.08 0.95 0.07 
Number of Trials Until First Escape -0.04 0.68 -0.18 
Last Failure 0.16 0.81 0.18 
Time Until First Jump 0.14 0.08 -0.79 
Total Number of Jumps 0.14 0.07 0.76 
Time Until the Last Jump 0.11 0.05 0.81 
Total Variance Explained 39% 18% 16% 
Eigenvalue 4.8 2.1 1.8 
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Table 6-3: Output from binary logistic regression model analyzing the relationship between 
extracted components following a learning trial and a restraint test (success score, failure score 




Term Estimate Std. Error Z Score p 
Intercept -0.69 0.29 -2.36 0.01 
Success Score -0.29 0.13 -2.15 0.03 
Failure Score -0.25 0.20 -1.22 0.22 




Figure 6-1: Relationships between total length (in cm) and A) success score, B) failure score, and 
C) restraint score across largemouth bass assessed for learning performance in an active-
avoidance learning test and proactivity in a restraint test (N=60).  Analyses performed to 
generate the three different response variables are outlined in Table 6-2.  The regression line in 
panel A indicates a significant positive relationship between largemouth bass length and success 
score, as determined by simple linear regression.  Relationships between total length and both 






Figure 6-2: Boxplots showing comparisons between largemouth bass that were either captured or 
not captured during experimental angling trials and A) success score, B) failure score, and C) 
proactivity score.  Analyses performed to generate the three different response variables are 
outlined in Table 6-2.  The asterisk (*) in panel A indicates a significant difference between 





CHAPTER 7: SUMMARY AND CONCLUSIONS 
 The research contained in this dissertation collectively shows that individual behavior 
and physiology can be associated with vulnerability to angling in popular recreational sportfish 
species.  Indeed, this work has identified several novel characteristics that may be under 
selection in angled populations: Stress physiology (Chapter 2), sociability (Chapters 4 and 5), 
aggression (Chapter 5), and learning performance (Chapter 6).  Metabolic phenotype on the other 
hand was not found to be a driver of angling vulnerability (Chapters 2 and 3).  While boldness 
and exploratory behavior have been commonly hypothesized as the primary drivers of angling 
vulnerability (Harkonen et al. 2014; Klefoth et al. 2017), this research demonstrates that 
numerous additional behavioral and physiological characteristics may be targets of selection.   
The identification of stress responsiveness as a major driver of angling vulnerability 
introduces not only the possibility that angling may select based on physiological traits (Cooke et 
al. 2007; Hollins et al. 2018), but that additional behavioral traits that covary with this 
characteristic may be under selective pressure as well (Dochtermann and Roff 2010).  High 
cortisol responsiveness is linked with numerous behavioral characteristics, including generally 
timid behavior as well as a tendency to “freeze” in response to a threat (Koolhaas et al. 1999; 
Overli et al. 2005).  Within the context of angling, it is fairly easy to speculate that this freezing 
behavior may be particularly important, as individuals that freeze when a lure drops in nearby 
would be expected to be less likely to be captured.  Given that I did not evaluate freezing 
behavior specifically however, this hypothesis remains somewhat speculative.  Regardless, it 
stands to reason that the increased vulnerability to angling seen in low stress responders is driven 
by a corresponding behavioral tendency, one that may have been found by conducting additional 
behavioral assays.  Future work should consider all of the specific behaviors that are associated 
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with angling vulnerability, taking a diverse approach to identifying the traits that are targets of 
angling selection. 
 Metabolic rate has previously been put forward as a likely driver of angling selection.  
This hypothesis is driven by the prediction that individuals with high metabolic rates will have to 
feed more often to meet those metabolic demands (Biro and Stamps 2008), leading to a greater 
likelihood of striking a fishing lure or bait.  This hypothesis has been supported by empirical 
studies that demonstrate that artificially selected lines of largemouth bass has found more 
vulnerable fish to have higher aerobic scopes and maximum metabolic rates (Redpath et al. 
2010).  Furthermore, studies of largemouth bass in fished and unfished reservoirs has found that 
fish from fished reservoirs have lower standard metabolic rates, possibly due to angling selection 
removing individuals with higher metabolism (Hessenauer et al. 2015).  Metabolic rates were 
addressed in chapters 2 and 3 of this dissertation however, with no difference between captured 
and uncaptured fish for any aspect of metabolic phenotype.  While these results call into question 
the presumption that high metabolic rates lead to higher angling vulnerability, it is possible that 
the findings in this dissertation are the result of the experimental designs.  In each case, angling 
was performed only over a short period of time at a time of year (summer) when metabolic rates 
in fish are at their highest due to high water temperatures.  It is possible that selective capture of 
individuals with high metabolic rates only occurs at particular times of the year, perhaps in 
cooler conditions when high-metabolism individuals may continue feeding while others slow 
their feeding rates.  This could explain why previous work in fished and unfished reservoirs 
(Hessenauer et al. 2015), as well as with lines artificially selected for differing angling 
vulnerability (Cooke et al. 2007; Redpath et al. 2010), found differences in metabolic rate while 
my work found no selection on this, as perhaps metabolic traits are selected on under 
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circumstances different from the conditions described in my studies.  To address this, future 
research should examine angling vulnerability across all contexts, keeping in mind the conditions 
at the time of angling, the species in question, and the duration of possible selective capture on 
the exploited population, as these factors may impact the nature of angling selection. 
 In both chapters 4 and 5, individual sociability was found to be a significant driver of 
angling vulnerability.  Chapter 5 found a significant negative relationship between aggression 
and vulnerability as well, while this relationship was a non-significant trend in chapter 4.  Within 
the context of FIE as a result of recreational angling, it is often presumed that more aggressive 
individuals will automatically be more vulnerable to capture by hook and line, as these 
individuals are expected to also “aggressively” strike fishing lures (Sutter et al. 2012).  This, 
combined with the typical finding that bolder fish are more vulnerable (Klefoth et al. 2013, 
2017), has led to the prediction that heavily fished populations will evolutionarily shift towards 
shy and submissive behavior, a so-called “timidity syndrome” (Arlinghaus et al. 2016).  While 
this may indeed be the case for many targeted species, my results combined with previous work 
on bluegill (Wilson et al. 2011) suggest that the opposite selection that evolutionarily favors 
aggressive and antisocial phenotypes may occur.  In light of these findings, I suggest that 
researchers take into account the ecology of the species in question when making predictions 
about the outcome of fisheries selection.  Because bluegill are a socially gregarious species 
(McCartt et al. 1997), it stands to reason that social behavior may be involved in their 
vulnerability to angling capture, as it underpins virtually all other aspects of their behavior and 
ecology.  Future work should take these between-species differences into account, and make 
predictions based not in an over-arching framework that predicts vulnerability across all targeted 
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species, but rather specifically on the ecology and behavioral characteristics of the species in 
question. 
 It is well-documented that fish learn to avoid being caught by anglers over time, as their 
experience with lures increases (Askey et al. 2006; Hessenauer et al. 2016; Lennox et al. 2016).  
Given this, it might also be expected that individuals that are especially good at learning would 
be the least vulnerable, however my results in chapter 6 found the opposite, with “fast” learners 
being more likely to be captured.  As discussed in chapter 6, it is likely that this result is related 
to the “cognitive syndrome” of individuals (Sih and Del Giudice 2012), with the individuals that 
were fast to learn the avoidance task also being fast to investigate and strike fishing lures.  
Indeed, these results in combination with the results of chapter 2 allow for the construction of a 
hypothetical framework where a proactive approach to challenges (low stress responsiveness and 
rapid learning) is positively linked with angling vulnerability in largemouth bass.  Interestingly 
though, in both chapters 2 and 6 the behavioral test intended to assess those proactive traits 
(emergence from a refuge and vigor in a restraint test, respectively) were found to be unrelated to 
angling vulnerability.  This of course could reflect the fact that “coping styles” are complex, 
composed of multiple facets that are difficult to encompass within a small set of behavioral 
experiments (Koolhaas et al. 2007; Boulton et al. 2015).  Regardless, my research has shown that 
at least some components of coping styles/cognitive syndromes are linked to angling 
vulnerability in largemouth bass.  This creates an impetus to further explore these characteristics, 
with an eye towards identifying additional behavioral characteristics that predispose individuals 
to angling capture. 
 In conclusion, my research indicates that the behavioral and physiological drivers of 
angling vulnerability are complex.  Regardless of which traits are targets of angling selection, the 
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question remains whether FIE due to angling actually has an impact on the health of freshwater 
fisheries broadly.  While declines in stock productivity and population resilience have been 
documented heavily in commercial fisheries (Jorgensen et al. 2007; Kuparinen and Hutchings 
2012; Audzijonyte et al. 2013), the question of whether FIE is actually modifying behavior (and 
in turn fitness) in exploited populations largely remains unanswered.  Therefore, I conclude that 
future research in this area include investigations into three aspects of this question: 1) Which 
additional traits may be under selective pressure, 2) How does context (time of year, species, lure 
type) influence which phenotypes are most vulnerable to angling, and 3) Has the behavior and 
physiology of exploited populations actually changed as a result of extensive harvest.  By 
answering these three questions, researchers and managers will be able to accurately evaluate 
whether FIE in freshwater systems is actually occurring, and at what pace.  More importantly, 
evaluations of fisheries health can incorporate actual data on the impacts of FIE, with an overall 
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